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Abstract

The Advanced Air Transportation Technologies (AATT) program of the Nationa Aeronautics and
Space Administration (NASA), in cooperation with the Federal Aviation Administration (FAA), is
developing future improvementsto the air traffic management (ATM) system. These research
products include computer-based decision support tools (DSTs) designed to assist in the efficient
planning and control of air traffic. The DSTs provide air traffic control (ATC) speciaists and traffic
management specidists with aircraft sequencing and scheduling plans, maneuver advisories, and
related information pertinent to traffic and airspace supervision. Also, airline operations specialists
are provided with air traffic status and prediction data. The AATT terminal airspace DSTs
addressed are;

* Traffic Manager Advisor (TMA)

* Multi-Center (M-C) Traffic Manager Advisor
* Passive Fina Approach Spacing Tool (pFAST)
* Active Approach Spacing Tool (aFAST)

* Collaborative Arrival Planning (CAP)

* Expedite Departure Path (EDP)

This study assesses DST potential impacts for a base year, 1996, and afuture year, 2015. The
analysis estimates the individua potential economic benefits of each DST with respect to impacts
on aircraft operating costs, and identifies technical performance metrics applicable to the DSTs. The
analysisis based on fast-time, computerized modelings of air traffic operations at ten selected study
airport sites, the results of which are extrapolated to 33 other sites. The advanced Integrated Air
Traffic Model (IAT) Model isused to smulate airspace and runway System operations at each
study site for the current system and DSTsfor 1996 and 2015 traffic loadings. The current system
isused as abaseline for comparing DST potential impacts. The metrics pertain to ATM system
performance indicators of capacity, flexibility, predictability, safety, access, and environment.

The AT Modd, newly devel oped by Seagull Technology, Inc., isahigh-fidelity computerized
simulation model specifically designed for quantitative evaluations of Free Flight and DST
performance characteristics, aswell as current operations. This advanced aircraft tragjectory-based
airport and airspace capacity and delay model enables representation of ATM operations and user
preferencesin constrained and unconstrained air traffic environments. The model simulates and
evaluates DST impacts on aircraft operations with respect to flight delay, diversion, scheduling and
planning. A set of computerized analytical routinesis used to convert and extrapol ate the minute-
by-minute, hourly, or daily traffic delay metrics produced by the IAT Model to annual cost impacts.
Cost estimation and extrapol ation parameters include aircraft operating cost, annual traffic demand
and meteorological factors.
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Terminal Airgpace Decision Support Tools Preliminary Technical
Performance Metrics and Economic Quantification

Executive Summary

The National Aeronautics and Space Administration (NASA) and the Federa Aviation
Administration (FAA) are cooperating in the research and development of future air traffic
management (ATM) automation tools. NASA’s Advanced Air Transportation Technologies
(AATT) program is developing and enhancing computer-based decision support tools (DSTS).
These products are designed to assist in the efficient planning and control of air traffic. The DSTs
would provide air traffic control (ATC) specidists and traffic management specialists with aircraft
sequencing and scheduling plans, maneuver advisories, and related information pertinent to traffic
and airspace supervision. Also, DST’ swould provide air traffic status and prediction datato airline
operations speciait.

This study analyzes the potentia benefits of terminal airspace DSTs with respect to their impact on
aircraft operating costs, and identifies performance metrics applicable to these DSTs. Ten selected
airport sites are used as fast-time simulation modeling subjects to evaluate individual DSTs. The
modeling exercises examine air traffic operations, DST performance, airspace and runway system
throughput and delay, and aircraft operating cost relationships. The current ATM system isused as
abasisfor comparing DST potential impacts. The metrics pertain to ATM system performance
indicators of capacity, flexibility, predictability, safety, access, and environment.

Terminal Airspace Decision Support Tools

The DST’ s addressed in this study are designed for implementation in the extended terminal
airspace, which covers an area within approximately 250 nautical miles (nmi) of an airport. This
domain includes airspace controlled by Terminal Radar Approach Control (TRACON) facilities
and en route and transition airspace controlled by En Route Traffic Control Centers. These DSTs
ae

* Traffic Manager Advisor (TMA)

* Multi-Center (M-C) Traffic Manager Advisor
* Passive Final Approach Spacing Tool (pFAST)
* Active Approach Spacing Tool (aFAST)

* Collaborative Arrival Planning (CAP)

* Expedite Departure Path (EDP)

The terminal airspace DSTs are part of and extensions of the Center-TRACON Automation System
(CTAYS). The CTAS computer software architecture includes generic modules which are common to
DSTs, thereby effectively integrating DST operations. These software modules provide for
communication, algorithmic, and graphica-user interface functions. The following summarize the
terminal airgpace DST operating characteristics

Traffic Manager Advisor (TMA) -- TMA automation supports Center operations by creating an
optimum schedule for arrival aircraft crossing each metering fix, which is at the boundary between
Center and TRACON airspace. TMA isdesigned to improve the flow of arrival traffic in the
extended termina airspace in compliance with air traffic rules restrictions. TMA predictstraffic
throughput demand and devel ops aircraft schedules that minimize delay by planning the most
efficient landing order. TMA assigns metering fix crossing times and landing times based on
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runway system utilization and delay distribution optimization objectives. TMA implements
sophisticated algorithmsin real-time to synthesize very accurate cruise and descent trajectories
based on high-fidelity aircraft performance models, wind aloft predictions, and flight plans.

Multi-Center Traffic Manager Advisor -- Thistool extends TMA to enable integration of arrival
traffic to an airport from multiple Centers. Without this capability, traffic manager coordinatorsin
different Centers would have difficulty in tracking and visualizing all inbound traffic and mutually
developing schedules to optimize runway utilization and delay distribution. Thistool allowsthe
implementation of TMA at alarger number of sites.

Passive Final Approach Spacing Tool (pFAST) -- pFAST automation supports TRACON
operations by determining optimum landing sequence, schedule, and runway assignment advisories
that balance runway use and maximize runway system throughput, and displaying runway
assignment and schedule advisoriesto TRACON controllers. The algorithms very accurately
predict 4-dimensional trajectories using detailed modeling of complex approach paths, flight plans,
aircraft performance, user preferences and weather updates, and perform potential conflict detection
and resolution.

Active Final Approach Spacing Tool (aFAST) -- aFAST automation extends the capabilities of
pPFAST by providing TRACON controllers with flight path maneuver advisories for each aircraft.
aFAST displays speed and heading advisories with potential conflict detection and resolution
capabilities that enable controllers to more accurately manage arriva aircraft trgjectories and more-
precisely control spacing.

Collaborative Arrival Planning (CAP) -- CAP automation supports the exchange of information
between an airline facility and CTAS. Thisinformation exchange enables ATM to better
accommodate user preferences in the scheduling and sequencing of arriva aircraft, and Airline
Operations Center (AOC) and ramp management facilities to more accurately predict landings,
terminal gate arrivals and hub connections and better plan the alocation of airline resources.

Expedite Departure Path (EDP) -- EDP automation extends TMA, pFAST, aFAST and CAP
functionality to departure traffic, integrating arrival and departure DST operations. EDP will assist
air traffic controllersin sequencing and spacing of departure traffic from airports and through
adjoining airspace. EDP will enable controllersto predict and resolve conflicts more efficiently,
meet traffic management and airspace constraints, and minimize deviations from user preferred
trgjectories. EDP will be based on accurate 4-dimensional trajectory prediction which accounts for
aircraft performance, atmosphere, pilot-procedures, user-preferences and controller intent.

DST Operational Impacts

The AATT toolswill enable improved aircraft trgectory control accuracy, improved knowledge of
user preferences by ATM, and improved flight planning and scheduling flexibility by users. These
improvements will increase ATM operational effectiveness relative to the current baseline operation
and incrementally as tool implementations evolve. Operationa improvements directly associated
with AATT DSTsinclude:

* Reduced excess spacing between successive aircraft;
* More cost-effective distribution of delay between Center and TRACON airspace;

* Increased integration of ATM and user flight management operations, and increased
accommodation of user preferences;

* Increased integration of arrival, departure and en route operations.

The potentia benefits of these operationa improvements include reduced aircraft direct operating
costs, improved flight scheduling and planning, and enhanced safety, access, environmental factors,
and controller and pilot productivity. The following paragraphs briefly review the operationa
improvements, focusing on the aircraft operating cost potential impacts which are relevant to the
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factors addressed in this study. Other benefits not covered would include passenger value of time
savings, fuel savings due to improved aircraft trgjectories, and productivity gains.

Excess Spacing Buffers

Actual spacings between aircraft, asimplemented by air traffic controllers, are generaly larger than
the minimum separation requirements. Larger than minima separations have been observed for al
types of traffic loadings, including periods of intense traffic activity. The observations of compacted
traffic, where aircraft spacing is kept as small as possible by the ATM system, indicate that the extra
spaces are not due smply to random interarrival characteristics of the traffic demand. These excess
spacings are assumed to be intentiona spacing buffers, which servein part to assure that separation
minimaare not violated because of trgjectory uncertainties.

Excess spacing is aso generated by time uncertainty in the delivery of arrival aircraft at the inbound
metering fixes. A schedule for the crossings of each fix isset by ATM. Deviations from the
metering fix crossing schedule due to timing delivery inaccuracies require subsequent trgectory
adjustments by the TRACON ATM operation to prevent violations of separation minimaand, to the
extent possible, eliminate extraneous gaps at downstream merge points and the runway threshold.
The extraneous gaps may not be totally eliminated because aircraft are not dwaysin position to
allow corrective maneuvering within the TRACON airspace.

The reduction in trgectory uncertainty due to the DSTsrelative to the current system would result
in areduction in the size of the excess spacing buffer needed to compensate for trgjectory variances.
The smaller buffer would reduce the spacing applied between successive aircraft, as set by the DST
scheduling process. Improved trgjectory accuracy also would reduce the propagation of extraneous
gapsin the spacings actually realized. The resulting overall reduction in excess spacing would
increase the throughput of the airspace and runway system. The increased throughput would reduce
delays experienced by arrival aircraft when demand approaches or exceeds the capacity of the
runway system, and would enable more efficient utilization of arrival routings and fixes. These
reduced delays would result in reduced fuel and time costsincurred by aircraft operators. Departure
traffic would also redlize operating cost benefits through more efficient use of runway systems,
departure routings and departure fixes.

Delay Distribution

TMA includes adelay distribution function which allocates aircraft delay between Center and
TRACON airspace during busy traffic periods. The allocation processis designed to achieve an
optimum balance between fuel burn savings and runway system throughput. The delay distribution
function performs a trade-off between the advantage of absorbing delay at the higher en route
altitudes, where fuel efficiency is greater, versus the advantage of packing more aircraft in the
terminal airspace to ensure that aircraft are continually available to use the runway system. Excess
allocation of delay to the Center airspace would degrade runway system utilization. Astrgectory
prediction and control accuracy isimproved, less delay timeis needed to be absorbed in the
TRACON airspace to maintain high runway system throughput. However, in some cases the
optimal TRACON delay that would minimize overall flight costs exceeds the delay absorption
capabilities of the TRACON airspace. In these cases, the available TRACON delay absorption
capability is best used to absorb metering fix delivery variability which would improve runway
system throughput. Additionally, as no delay is shifted from the TRACON to the Center no
incremental fuel savings are accrued by arriving aircraft.

The improved trajectory accuracy afforded by the DSTs would increase the proportion of delay that
should be taken in the Center airspace for agiven runway system throughput, providing additional
cost savings due to the more fuel-efficient trgectories. These savings differ from those due to
reduced excess spacings in that the excess spacings determine the runway system throughput and
the associated amount of delay whereas delay distribution determines how the given amount of
delay istaken.
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ATM and User Preference Integration

The DSTs are designed to be sensitive and responsive to user preferences by accounting for user
optimization objectives and alowing for real-time data exchange and collaborative decision making.
The AATT terminal tools incorporate sophisticated logic that represent the performance
characteristics of aircraft and propulsion systems and emulate flight management system (FMS)
trgjectory control characteristics. The DSTS' internal logic generate climb, descent and

profiles, routings and schedules that are reasonably flight cost-efficient. Operating efficiency would
further be enhanced through data exchange of user preferred trgjectories (UPTS), aircraft
capabilities and current and planned flight status, current meteorol ogical measurements and
forecasts, fleet prioritization information, schedule updates, and projected restrictions and delays. In
future, the information exchange would be supported by data link among ATM, flight deck and
AOC components. Future tool enhancements would adaptively assimilate the exchanged datato
develop operating solutions that are compatible, to the extent possible, with user preferences.
Collaborative decision making between ATM and users would further improve ATM conformance
with user optimization objectives and alow usersto adapt in real-timeto ATM constraints.

Integrated Arrival, Departure And En Route Operations

The DSTs are designed to maximize air traffic operating efficiency in their airport and airspace
coverage domain. The domain could be an extended terminal areawith single or multiple airports
supported by single or multiple en route centers, or a network of terminal areas and supporting
centers. The DSTswill develop schedule and trgectory plans that optimize the arrival and departure
operation at individual airports or among anetwork of airports in accordance with user preferences,
operational constraints, and known or projected traffic and meteorological conditions. Factors
addressed by the DSTsinclude runway balancing (i.e., optimal runway assignments to minimize
delay), optimum aircraft sequencing, and satellite airport arrival and departures. These terminal
operating plans would be developed in coordination with en route operations to provide safe and
efficient utilization of airports and airspace and lessen disruptions to planned schedules and flight
times. The result would be increased throughput, reduced delay, and better utilization of the air
traffic system.

Other Factors

The overall ability of the AATT DSTsto implement more efficient trgjectories, sequences and
schedules with more accurate control would produce beneficial impacts on safety, access, noise and
emissions, and controller and pilot productivity. Improved trgjectory control and prediction would
reduce the likelihood of airspace incursions and flight technica errors, and would facilitate
interventions where needed. Improved throughput and scheduling would enhance general accessto
airports, airspace and air traffic services. The increased use of optimized trajectories with reduced
delays would lessen noise exposure and the quantity of emitted pollutants. Automated advisories
and plans generated by the tools would assist controllers and pilotsin their decision making and
implementation processes.

Analysis Process

A methodology incorporating anaytical formulations, computer-based modeling and engineering
analysisis used to evaluate DST performance and impacts on air traffic operations. The
methodology examinesimproved aircraft trgjectory control prediction and accuracy, improved
knowledge of user preferences, and improved flight planning and scheduling flexibility, and
determines the resulting impacts on aircraft operating costs and various performance metrics. The
process focuses on capturing the salient operationa features and nuances of the DSTs by modeling
the purpose and intent of the DST a gorithmic logic and accounting for procedura constraints and
technical capabilities. Thisanalysis process:. identifies the operating characteristics of DSTs and
supporting technologies; determines the sensitivity of various trgjectory accuracy parametersto the
use of the AATT DSTsand supporting technologies; eva uates the resulting improved capability of
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the ATM system to predict and control trajectories; evaluates delay, delay distribution, trgectory and
scheduling impacts on flight operations using computer-based simulation modeling or engineering
analysis; and assesses the associated aircraft operating cost savings and other pertinent metrics.
Figure S-1 schematically depicts the generalized analysis process which uses ssmulation modeling
to evaluate current system TMA, pFAST, aFAST and EDP. Engineering analysisis used to evauate
CAP impacts.

. DST Operating Procedures
Trajectory Accuracy, ATM Rules &Procedures
Modeling Airports & Runway Configurations
Route & Sectorization Structures

Meteorological Conditions

Trajectory Accuracy Daily Traffic Schedule
Distributions Flight Plan Trajectories

Integrated Air Traffic (IAT) Model

Aircraft Delay & Delay Distribution Fuel Saving
Actual Trajectories with Fuel, Time & Distance
Schedule On-time Performance

Aircraft Operating Cost & Metrics Assessment

FigureS1 Modeling Process

The following summarizes the analysis process steps:

Technologies and Capabilities Identification

The analysis processis initiated by identifying the subject DST and supporting technologies, and
defining the associated operating capabilitiesin terms of functional, technical and performance
characteristics and requirements. This process defines the airspace and runway system operating
rules and procedures appropriate for the current system and DSTSs, particularly those applicable to
instrument and visual meteorological conditions at the subject airports.

Trajectory Accuracy and Traffic Spacing Modeling

Results of previous studies are used to relate trgjectory accuracy and aircraft spacing characteristics
for the current system and DST's. The previous studies used the scheduled and actual crossings of
metering fixes and runway threshold spacings observed during the CTAS prototype field tests to
support a system of stochastic computer ssmulations and closed-form analytical solutions which
model tragjectory prediction and control accuracy. The modeling outputs are the excess spacing
buffers applicable to runway system operations and the incremental fuel cost savings due to delay
distribution optimization. These data are used to estimate trgjectory variance and spacing buffer
factorsin the extended terminal airspace for current system and DST operations.



Runway System Demand and Capacity Model

A newly-developed fast-time computerized simulation, the Integrated Air Traffic (IAT) Moddl, is
used to replicate the movement of individual aircraft through airport and airspace segmentsto
assess capacity, delay, aircraft performance and operating cost relationships. The model processes
data defining traffic demand, runway system configuration, airport and airspace operating
procedures, and trgectory prediction and control accuracy, and examines DST impacts on aircraft
operations with respect to flight delay, diversion, scheduling and planning. The IAT Modél logic
accounts for inter-aircraft spacings, and distinguishes the impacts on delay of the different
trgjectory control capabilities associated with the proposed tools as well as current operations. The
model accounts for trgjectory track, profile and schedule preferences, ATM trgjectory sequence and
schedule planning, runway assignment, potentia conflict intervention, delay distribution, and
stochastic effects.

Airspace and runway system throughput and delay are determined for each of the 10 study airports
using the excess spacing buffer data and minimum separation requirements asinput to the IAT
Model. The model incorporates data describing time-varying daily flight schedules for 1996 and
2015 for various types of commercial, genera aviation and military aircraft and detailed
configurations of the subject airports for instrument flight rules (IFR) and visud flight rules (VFR).
Modeling parameters describing separation procedures for the IFR and VFR runway
configurations at each site are adjusted to enable comparison of current system and DST
operations. The model provides daily traffic delay data by arrival and departure operations and
instrument and visual meteorological conditions for the 10 airports under study for the current
system and DSTSs.

Aircraft Operating Cost Assessment

The daily traffic delay data are extrapolated to annual cost savings by airport using detailed aircraft
direct operating costs, airport annual traffic forecasts and meteorological factors. Aircraft direct
operating costs represent fuel, crew and maintenance costs expressed in 1996 undiscounted dollars.

Findings

Table S-1 summarizes the 1996 and 2015 estimated annual cost savings dueto TMA, pFAST,
aFAST and EDP for the 10 study airports, as derived from applications of the IAT Model. Table S-
2 summarizes CAP annual cost savings estimates derived from engineering analysis.

The cost savings shown in Table S-1 are due delay reductions obtained from increased airspace and
runway system throughput. The TMA data apply to Single and Multi-Center TMA sitesfor a 100-
second delay TRACON airspace absorption limit. The 100-second limit is conservative in that it
generally constrains TMA'’ s ability to improve the distribution of delay from TRACON to Center
airspace relative to current operations. Greater TRACON delay absorption limits would enable
TMA-based delay distribution optimization.

The quantitative analysis results support the functional expectations of DST potentia benefits
impacts as summarized below.

Single-Center and Multi-Center TMA contributes to more efficient runway system utilization by
establishing optimized runway allocations and generating schedules and advisories for aircraft
crossing the metering fix. Delay absorption advisories displayed to Center air traffic controllers are
used to maneuver aircraft so that actual metering fix crossing times conform closely with the TMA
schedule. An improved arrival time delivery accuracy at the metering fix relative to current
operationsis achieved, resulting in areduction in the variance between the actua and predicted
trajectories. More fuel efficient trajectories would be adirect result of TMA’s delay distribution
function which diverts a proportion of flight delay from TRACON to Center airspace, reducing fuel
burn without impacting runway system throughput and overall delay.



TableS1  TMA, pFAST, aFAST and EDP Potential Annual Cost Savings Relative to
the Current System

Annual Aircraft Delay Cost Savings (1996 $ millions)

1996 2015
Airport TMA pFAST aFAST EDF TMA PpFAST aFAST EDF
DEN - Denver 5.48 0.41 0.76 6.8¢ 8.44 1.39 190 12.2¢
DFW - Dallas-Ft. Worth 10.64 0.7¢C 1.00 12.2¢ 25.4¢ 3.97 3.92 39.52
EWR - Newark* 5.95 3.91 413 12.9¢ 7.87 4176 56.16 92.34
JFK - N.Y. Kennedy* 3.72 4.0¢ 5.87 10.0¢ 5.3¢ 7.01 9.68 15.77
LAX - LosAngeles 13.50 8.1¢ 1080 31.64 29.31 36.61 68.65 168.71
LGA - N.Y. LaGuardia® 8.00 1.1 1.28 9.17 13.01 16.54 10.47 23.54
MSP - Minneapolis 5.83 7.3C 1189 30.3Z 7.62 2497 4469 92.64
ORD - Chicago O'Hare 15.32 42.47 61.55 96.91 14,95 61.18 8450 173.13
PHL - Philadelphia® 5.98 4.12Z 485 10.9C 6.66 3310 4958 62.32
SFO - San Francisco 16.78 13.3¢ 3244 56.84 282z 15.08 1348 41.7¢
Total 91.21 85.6€ 13457 277.9Z 121.52 241.62 343.02 722.0C

1. Multi-Center TMA

TableS-2  CAP Potential Annual Cost Savings Relative to the Current System

Nationwide Airline Savings ($millions/year)

CAP Functionality 1996 2015
CTAS-to-Airline Data Exchange >5.8 >9.0
Airline-to-CTAS Data Exchange >48.2 >95.2
Intra-Airline Slot Swapping Unknown, >0 Unknown, >0
TOTAL 50+ 100+

PFAST determines efficient runway assignments, sequences and schedules for termina area arrival
aircraft, and displays the corresponding landing runway assignment and sequencing advisories to
TRACON controllers. pFAST enables controllers to better utilize the runway and airspace system
relative to current operations through reduced aircraft position uncertainty and improved runway
balancing and aircraft trgjectory sequencing. The improved controllability of spacing between
successive aircraft effectively achieves areduction in the excess spacing buffer. The pFAST runway
balancing process increases system efficiency by assigning aircraft to the runway that minimizes
overall delay. Improved trgectory sequencing integrates the terminal airspace arrival process with
the runway system optimization plan, reinforcing the elimination of extraneous gaps at the runway
S0 asto maintain a steady stream of landings.

aFAST enhances the pFAST runway assignment, sequencing, and scheduling functionality by
displaying timely airspeed and heading advisories to controllers which are specifically directed to
accurately positioning and spacing aircraft on terminal airspace arrival patterns, especially the fina
approach. Benefits derived from aFAST are ana ogous to those of pFAST, but with greater
improvement impact. aFAST further reduces the variance between actual and planned aircraft
position, reducing spacing buffer and extraneous gaps, and improves runway balancing and
sequencing operations to reduce delay.
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CAP provides airlines with timely updates of arrival time and terminal area delay predictions which
allow for improved airline decision-making. Airlines can use the CAP information to improve
ground personnel and equipment utilization, reduce baggage mishandling costs, reduce
misconnections, reduce low-fuel diversions, and make better scheduling decisions. Additionally,
CAP provides airline-sensed flight and weather information to CTAS to improve CTAS trgectory
prediction accuracy. These trgectory prediction accuracy improvements will result in: reduced
runway threshold spacing buffers which will lead to delay savings, better CTAS metering fix
delivery accuracy which will lead to improved TRACON-Center delay distribution and more fuel
efficient descent trgjectories, and improved conflict detection accuracy which will lead to reduced
ATM interruptions. Also, CAP provides decision support tools to support ATM and airline
collaboration that will enable more airline control of arrival trgjectories that will include concepts
such asintra-airline dot swapping. These decision support tools will alow airlines to increase their
control of flight arrival schedules and sequences, thereby enhancing schedule integrity, improving
personnel and equipment utilization, and reducing inefficiencies such as misconnections and
diversions.

EDP expands the functionality of TMA-FAST by including departures and multiple airport
operationsin the devel opment of strategies to optimize traffic movement. The management of
overtaking, crossing and merging situations involving arrivals and departures isimproved by EDP-
generated sequencing and spacing advisories which enable reduced spacing buffers. Runway
system utilization isimproved by simultaneously accounting for both arrival and departure traffic
sequencing and spacing requirements. Improved trgectory control with EDP may enable controllers
more frequently to approve expedited climbs with user-preferred speed and departure profiles.
Integrated traffic planning by EDP would coordinate gate departure, runway takeoff and departure
fix crossing scheduling to reduce ground and airspace delay and would facilitate the merging of
satellite airport departures with the traffic flow of the major airport.

Conclusions

The following observations concerning TMA, pFAST, aFAST and EDP are made based on the
modeling results obtained for the 10 study sites.

TMA improvementsin trajectory prediction and control accuracy support increased arrival airspace
and runway system throughput as a result of reduced spacing dispersions between aircraft pairs
along en route arrival tragjectories and at the metering fix relative to the current system. This
improved metering fix delivery accuracy would aso enhance the capability of CTAS-based ATM to
better distribute delay between Center and TRACON airspace.

* Theestimated aircraft operating cost savings associated with reduced arrival airspace and
runway system delay due to TMA with a 100 second maximum TRACON delay absorption
restriction, based on 1996 traffic forecasts, range from $3.72 to 16.78 million annually for the
10 study sites and $2.82 to 29.31 million annually for the 2015 traffic forecasts.

* Total estimated TMA delay savings benefits for al 10 sites are $91.21 million and $121.52
million annually in 1996 and 2015, respectively.

* Thetop three airports accounting for total TMA delay savings benefits in respective order of
magnitude are SFO, ORD and LAX in 1996, and LAX, DFW, and ORD 2015.

*  When TRACON delay absorption is unrestricted, aircraft would consume a greater proportion
of their delay in the more fuel-€efficient Center airspace rather than the TRACON airspace
without impacting runway throughput and total delay. Otherwise, the available TRACON delay
absorption capability would be best used to absorb metering fix delivery variability in order to
maximize runway system throughput.

* TMA estimated incremental aircraft fuel cost savings dueto delay distribution at all 10 airports
under study with a 100 second maximum TRACON delay absorption restriction are zero.
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® Based on previous study results, TMA estimated incremental aircraft fuel cost savings dueto
delay distribution with a 200 second maximum TRACON delay absorption restriction, could be
at least 10% of the savings due to reduced runway system delay.

pPFAST improvementsin arrival trgjectory prediction and control accuracy in association with
improved arrival sequencing and runway assignment enable reductions in excess spacing buffers
between aircraft pairs dong termina areaarrival trgjectories and at runway thresholds relative to the
current system. The resulting increases in arrival airspace and runway system throughput generates
reductionsin aircraft delay and operating costs.

* Theaircraft estimated operating cost savings associated with reduced arrival airspace and
runway system delay dueto pFAST at 10 airports under study range from $0.41 to 42.47
million annually based on 1996 traffic forecasts and $1.39 to 61.18 million annually based on
2015 traffic forecasts.

* Tota estimated pFAST benefitsfor al 10 sites are $85.66 million and $241.62 million
annually in 1996 and 2015, respectively.

* Thetop three airports accounting for total pFAST delay savings benefits in respective order of
magnitude are ORD, SFO and LAX in 1996, and ORD, EWR and LAX in 2015.

aFAST improvementsin arrival trgjectory prediction and control accuracy in association with
improved arrival sequencing and runway assignment enable further reductions in excess spacing
buffers between aircraft pairs along terminal area arrival trgectories and at runway thresholds
relative to the current system. The resulting increasesin arrival airspace and runway System
throughput generates further reductionsin aircraft delay and operating costs.

* Theaircraft estimated operating cost savings associated with reduced arrival airspace and
runway system delay dueto aFAST at 10 airports under study range from $0.76 to 61.55
million annually based on 1996 traffic forecasts and $1.9 to 84.5 million annually based on
2015 traffic forecasts.

* Totd estimated aFAST benefitsfor all 10 sites are $134.57 million and $343.02 million
annually in 1996 and 2015, respectively.

* Thetop three airports accounting for total aFAST delay savings benefitsin respective order of
magnitude are ORD, SFO and MSP in 1996, and ORD, LAX and EWR in 2015.

EDP improvements in departure trgjectory prediction and control accuracy in association with
improved arrival and departure sequencing and runway assignment enable reductions in excess
spacing buffers between aircraft pairs along en route and terminal area departure trgjectories and at
runway thresholds relative to the current system. The resulting increases in departure and arrival
airspace and runway system throughput generates further reductionsin aircraft delay and operating
costs.

* Theaircraft estimated operating cost savings associated with reduced departure and arrival
airspace and runway system delay due to EDP at 10 airports under study range from $6.83 to
96.91 million annually based on 1996 traffic forecasts and $12.23 to 173.13 million annually
based on 2015 traffic forecasts.

* Total estimated EDP benefitsfor al 10 sites are $277.92 million and $722 million annualy in
1996 and 2015, respectively.

* Thetop three airports accounting for total EDP delay savings benefitsin respective order of
magnitude are ORD, SFO and LAX in 1996, and ORD, LAX and EWR 2015.

The modeling of current and DST operations develops arunway utilization schedule and
assignment plan assuming knowledge of the exact sequence of actua departures. In fact, the current
system does not have such specific pre-takeoff data defining the actua departure traffic. TMA,
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PFAST and aFA ST process data for arrival operations, but could be enhanced with pre-takeoff
departure traffic data subject to system design and implementation. Because EDP integrates arrival
and departure planning, the benefits of EDP may be understated relative to current operations and,
depending on implementation, the other DSTSs.

The pFAST, aFAST and EDP delay savings are highly sensitive to the IMC and VMC runway
system configurations assumed at each airport.

The following observations concerning CAP are made based on engineering analysis results.

A conservative estimate of the potential benefits of CAP for 43 airportsin this study resultsin a
rough-order-of-magnitude estimate of $50 million per year for 1996 and $100 millions per year for
2015. In generdl, the preliminary benefits associated with Airline-to-CTAS data exchanges tend to
be significantly higher than those associated with CTAS-to-Airline data exchanges:

* Airline-to-CTAS estimated annual savings are $48.2 million and $95.2 million in 1996 and
2015 respectively.

* CTASto-Airline estimated annual savings are $5.8 million and $9 million in 1996 and 2015
respectively.

Thelower CTAS-to-Airline data exchange benefits would be due to the tendency for CTAS-to-

Airline data exchanges to provide significant economic benefits during off-nominal events such as

low-fuel diversions or baggage misconnections. In the case of Airline-to-CTAS data exchange, the

benefits are much smaller per event, but these nominal events are of very high frequency and result
in higher total economic values.

Analysis Considerations and Recommendations

This study uses a new, advanced modeling capability, the Integrated Air Traffic Moddl, to evaluate
potential aircraft operating cost savings due to the implementation of termina airspace DSTs. The
IAT Mode currently evaluates traffic loading, capacity and delay characteristics of operationsin the
extended terminal airspace and runway system associated with a single study airport.

ThelAT Mode isundergoing initial development, and is subject to review and verification. Various
useful expansions to the analytical scope of the IAT Model were evident during its applicationin
this study. The model structure is extendible to redistically emulate multi-airport regiona
operations such as the US Northeast Corridor and other high-density domains. The value of this
extension is exemplified by the individua analysisin this study of a subset of airports (i.e., JFK,
LGA, EWR, and PHL) which share common arrival and departure fixes. This multi-airport network
modeling function would include the capability to evaluate of satellite airport operations Also, the
development of aairport network-based IAT Model could be directed to nationwide coverage.

The current IAT Model examines airspace tragjectory and runway system operations, incorporating
the salient capabilities of the trgjectory accuracy and standard runway utilization modeling. The
trgectory component tracks and optimizes scheduling, sequencing and spacing factors at discrete
fixes. A logical extension in scope isthe incorporation of continuous tragjectory modeling to capture
in more detail the operational dynamics associated with conflict detection and resolution maneuvers.

The limited time available to perform this study precluded extensive data sampling and collection,
field experimentation, on-site observation and consultation, modeling and related investigations for
each site. Many assumptions were necessary to develop preliminary estimates of potential benefits.
An expansion of the scope and depth of the data collection and analysis procedures would facilitate
abroad representation of and participation by the aviation community and lessen the dependence on
analytical assumptions and extrapolations.
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Terminal Airspace Decision Support Tools
Preliminary Technical Performance Metricsand
Economic Quantification

1. Introduction

Research programs by the National Aeronautics and Space Administration (NASA), the Federa
Aviation Administration (FAA) and the aviation industry are developing new technol ogies for
improving future air traffic operations.* As part of these coordinated efforts, NASA’s Advanced
Air Trangportation Technologies (AATT) program is supporting the evolution of the National
Airspace System (NAS) toward the implementation of the Free Flight concept. ™2 Free Flight
provides for increased user flexibility, with improved operating efficiencies and increased levels of
capacity and safety to meet growing demand. Free Flight would achieve significant benefits by
removing constraints and restrictions to flight operations, providing better exchange of information
and collaborative decision making among users and service providers, implementing more efficient
management of airspace and airport resources, and devel oping and applying tools and modelsto aid
air traffic management (ATM) operations.

The AATT program is devel oping system enhancements for incorporation into future Free Fight
operations™>*, These AATT research products currently are primarily ATM decision support tools
(DSTs). The DSTs are computer-based automation functions designed to assist in the efficient
planning and control of air traffic. The DSTswould provide air traffic control (ATC) specidistsand
traffic management specialists with aircraft sequencing and scheduling plans, maneuver advisories,
and related information pertinent to traffic and airspace supervision. Also, DST’ swould provide air
traffic status and prediction datato airline operations specidlist.

The AATT program will develop these productsto a state suitable for pre-production prototype
development by the FAA and industry, leading eventually to full-scale development and
deployment. This Concept Exploration and Concept Devel opment process is consistent with an
ATM Concept of Operations, " defined by the AATT program for use as aguide in determining
its research directions and development activities. This ATM Concept integrates joint government
and industry NAS operational concepts, " and describes an incremental evolution of the NAS
from current operations to a mature state, nominally, the year 2015, which provides advanced Free
Flight capabilities.

The AATT programisin an early phase, with planning options and flexible priorities. The DSTs
arein various stages of development, ranging from concept development to prototype
demonstration. Some of the earlier tools are in initial deployment. Given the various levels of
maturity of the tools and the ability to leverage or direct technical emphasis to improve the
performance of various tools, an evauation of the potentia impacts of the DSTswould provide
useful ingight into the operational advantages obtainable with each toal.

NASA’sAATT program isinitiating potential benefit assessments of DSTs planned for terminal
airspace, terminal surface, en route and airborne operations. As part of this effort, the study
described in this report addresses potential benefits impacts of terminal airspace DSTs. The AATT
terminal airspace DSTs addressed are:

* Traffic Manager Advisor (TMA)

*  Multi-Center (M-C) Traffic Manager Advisor
* Passive Final Approach Spacing Tool (pFAST)
* Active Approach Spacing Tool (aFAST)

* Collaborative Arrival Planning (CAP)




* Expedite Departure Path (EDP)

This study assesses DST potential impacts for a base year, 1996, and afuture year, 2015. The
analysis estimates the individua potential economic benefits of each DST with respect to impacts
on aircraft operating costs, and identifies technical performance metrics applicable to the DSTs. The
analysisis based on modelings of air traffic operations at ten selected study airport sites, the results
of which are extrapolated to 33 other sites. The modelings are fast-time computer simulations of
airspace and runway system operations at each study site for the current system and DSTsfor
1996 and 2015 traffic loadings. The current system is used as a baseline for comparing DST
potential impacts. The metrics pertain to ATM system performance indicators of capacity,
flexibility, predictability, safety, access, and environment.

Terminal Airspace Decision Support Tools

The DST’ s subjects of this study are designed for implementation in the extended terminal airspace
which covers an area within approximately 250 nautical miles (nmi) of an airport. Thisdomain
includes airspace controlled by Termina Radar Approach Control (TRACON) facilities and en
route and transition airspace controlled by En Route Traffic Control Centers (ARTCCs). The
potential operational characteristics and impacts of these termina airspace DSTs are summarized in
the following paragraphs.

Traffic Manager Advisor (TMA) -- TMA automation creates an optimum schedule for arrival
aircraft crossing each metering fix, which is at the boundary between Center and TRACON
airspace. TMA isdesigned to improve the flow of arrival traffic in the extended terminal airspacein
compliance with air traffic rules restrictions. TMA predicts traffic throughput demand and develops
aircraft schedules that minimize delay by planning the most efficient landing order. TMA assigns
metering fix crossing times and landing times based on runway system utilization and delay
distribution optimization objectives. TMA implements sophisticated algorithmsin real-timeto
synthesize very accurate cruise and descent tragjectories based on high-fidelity aircraft performance
models, wind aloft predictions, and flight plans. TMA would reduce delaysto aircraft, especially
during rush periods at hub airports, and facilitate more fuel-efficient trajectories. ™

Multi-Center Traffic Manager Advisor -- Thistool extends TMA to enable integration of arrival
traffic to an airport from multiple ARTCCs. Without this capability, traffic manager coordinatorsin
different Centers would have difficulty in tracking and visualizing all inbound traffic and mutually
devel oping schedules to optimize runway utilization and delay distribution. Thistool alows the
implementation of TMA at alarger number of sites, further facilitating reduced delays and improved
trgjectories.

Passive Final Approach Spacing Tool (pFAST) -- pFAST automation determines optimum landing
sequence, schedule, and runway assignment advisories that balance runway use, maximize runway
system throughput, and display runway assignment and schedule advisoriesto TRACON
controllers. The algorithms very accurately predict 4-dimensional trgjectories using detailed
modeling of complex approach paths, flight plans, aircraft performance, user preferences and
weather updates, and perform potential conflict detection and resolution. pFAST would reduce air
traffic delay and controller workload and improve safety through improved controller situation
awareness for varying demand levels, meteorological conditions, and runway configurations,

Active Final Approach Spacing Tool (aFAST) -- aFAST automation extends the capabilities of
PFAST by providing controllers with flight path maneuver advisories for each aircraft. aFAST
displays speed and heading advisories with potential conflict detection and resolution capabilities
that enable controllers to more accurately manage arrival aircraft trgjectories and more-precisely
control spacing Theresulting reduction in excess gaps between aircraft will increase airport and
airspace throughput. pFAST would reduce air traffic delay and controller cognitive workload. &+

Collaborative Arrival Planning (CAP) -- CAP automation supports the exchange of information
between an airline facility and CTAS. Thisinformation exchange enables ATM to better




accommodate user preferences in the scheduling and sequencing of arriva aircraft, and Airline
Operations Center (AOC) and ramp management facilities to more accurately predict landings,
terminal gate arrivals and hub connectionsand better plan the allocation of airline resources. CAP
would enhance ATM and user flexibility, reducing delays due to disruptions to scheduled
operations. "

Expedite Departure Path (EDP) -- EDP automation extends TMA, pFAST, aFAST and CAP
functionality to departure operations. EDP will assist air traffic controllersin sequencing and
spacing of departure traffic from airports and through adjoining airspace. EDP will enable
controllersto predict and resolve conflicts more efficiently, meet traffic management and airspace
congtraints, and minimize deviations from user preferred trajectories. EDP will be based on accurate
4-dimensiona trgjectory prediction which accounts for aircraft performance, atmosphere, pilot-
procedures, user-preferences and controller intent. EDP would reduce air traffic delay and facilitate
more fuel-efficient trgjectories.

Center-TRACON Automation System Software Processes

Theterminal airspace DSTs are part of and extensions of the Center-TRACON Automation System
(CTAS). The current CTAS computer software architecture includes generic modules which are
common to DSTS, thereby effectively integrating DST operations. These software modules provide
for communication, algorithmic, and graphical-user interface functions as described below. ¢

Communications Modules

The communications modules manage CTAS internal message routing and the data exchange
interfaces with external systems. These support CTAS computer message transactions with Center
and TRACON automation and CTAS acquisition of flight, radar and weather data. Information
processed include: flight plans describing aircraft type, flight route, cruise atitude and speed, and
take-off time; radar tracking data describing aircraft position, altitude and speed; controller-entered
flight plan amendments and deletions; controller-entered CTAS commands; DST-generated traffic
planning data and advisories; and weather data products from the National Weather Service (NWS)
or elsewhere. The National Oceanic and Atmospheric Administration (NOAA) Rapid-Update Cycle
(RUC) computational process provides gridded weather nowcasts approximately every three hours.
The major communications modules are:

Communications Manager (CM) -- CM controls internal data distribution and external data
interface functions.

Data Acquisition and Distribution System (DADS) -- DADS provides communications with
TRACON computer systems.

Host Data Acquisition and Routing (HDAR) -- HDAR provides communications with a Center’s
Host computer system.

Input Source Manager (I1SM) -- ISM assembles, transforms, filters and merges data received from
external systems.

Weather Data Acquisition Daemon -- WDPA collects westher data inputs.

Algorithmic Modules

The agorithmic modules perform anaysis, prediction and solution processes for the DSTs. The
major modules are:

Route Analyzer (RA) -- RA generates feasible horizontal route aternatives for an aircraft from its
current position to an end point such as the destination runway threshold. RA analyzes data
describing aircraft state and engine type; aircraft flight plan and radar track (i.e., position, atitude,
ground speed and time), airport runway configuration and eligible runways; and route and speed




degree of freedom parameters defining permissible path stretching maneuvers, speed change range
and location, and turn points. RA specifies aircraft state (i.e., position, atitude, heading and speed),
waypoint, endpoint and applicable degree of freedom data for each route.

Trajectory Synthesizer (TS) -- TS generates high-fidelity 4-dimensional tragjectories and
corresponding expected time of arrival (ETA) datafor a specified horizontal route. ETAS represent
flight time unaffected by air traffic considerations. TS analyzes aircraft model data (i.e., aircraft
aerodynamics, propulsion characteristics and preferred speeds), atmospheric data (i.e., winds aoft,
air temperature and pressure profiles), aircraft initial status, waypoints, desired end conditions (i.e.,
altitude, airspeed and location), and intermediate altitude and speed constraints. TS constructs a
time-defined vertical profile aong a smooth horizontal path, including turns, based on the
waypoints, resulting in time-to-fly estimates. TS can compute nominal, fast and dow flight times,
and can generate trgjectories to satisfy arequired time of arrival (RTA).

The Route Analyzer and Trgjectory Synthesizer modules are fundamenta elements of the CTAS
tools, and are designed for synergetic operation. The Route Analyzer can use the Trajectory
Synthesizer to define an optimal flight trgjectory with ETAS.

Dynamic Planner (DP) -- DP supports TMA by scheduling airport arrivals. DP analyzes flight plan
and Center radar track data, route specifications and ETAsto eligible runways provided by the
Route Analyzer/Trgectory Synthesizer modules, and airport scheduling and runway utilization
rules. DP determines runway assignment and the aircraft sequence and scheduled time of arrival
(STA) at the outer metering arc (e.g., 250 radius) , metering fix, final approach fix, and runway
thresholds for each aircraft.

Profile Selector (PES) -- PFS supports arrival operations of pFAST and aFAST. PFS generates
aircraft runway assignments and sequence and schedule assignments along flight paths such that
aircraft maintain proper spacing and avoid potentia conflicts (i.e., avoid violation of minimum
separation requirements). PFS analyzes data describing flight plans, Center and TRACON radar
tracks, and route specifications generated by the Route Analyzer module. PFS uses data generated
by the Trajectory Synthesizer to determine aircraft ordering and spacing, identify potential conflicts,
examine resolutions, and define sequence and schedule plans.

Profile Selector - Center (PEFS_C) -- PFS_C supports en route tool s such as En Route and Descent
Advisor (EDA) and User Preferred Routing (UPR), and is analogous to Profile Selector. PFS C
analyzesflight plan and track data, specifications generated by the Route Analyzer module, and
STA’s generated by the Dynamic Planner module. Using data generated by the Trajectory
Synthesizer, PFS_C performs conflict probing, resolves trgjectories and determines ETAS.

Weather-Data Processing Daemon (WDPD) -- WDPD converts weather data collected by the
Westher Data Acquisition Daemon module into files usable by other modules.

Graphical-User Interface Modules
The major graphical-user interface modules are:

Planview Graphical User Interface (PGUI) -- The PGUI displays aplan view of the traffic situation,
delay absorption advisories, lists and timelines, and receives input from controllers or coordinators.

Timeline Graphical User Interface (TGUI) -- TGUI displaystimeline, load graph and textua data,
and recelves input from coordinators.




Sections 2 through 7 of this report describe each terminal airspace DSTs in further detail using
information assembled, interpreted or directly extracted from reference 1 and references 6 through
12. Section 8 reviews potential benefits analysis considerations and identifies candidate
performance metrics. Section 9 describes the airspace and runway system modeling process, its
application, and results. Section 10 describes additional engineering analysis as applied to airline
and environmental impacts. Section 10 presents conclusions and recommendations.






2. Traffic Manager Advisor

TMA develops a sequencing and scheduling plan for arrival aircraft to an airport that directly
supports Center operations, but is based on optimizing runway system and extended termind
airspace operations. TMA aids Center air traffic controllers and traffic management coordinatorsin
the establishment of efficient inbound traffic flows and distributions and in the timely delivery of
aircraft to metering fixes at the Center-TRACON boundary.

The TMA system evaluates avariety of parameters to perform its automation function. TMA
generates undelayed ETAsfor dl aircraft at the outer metering arc, metering fix, fina approach fix
and arrival threshold of each eligible runway in the current airport configuration. TMA computes
the sequences and STAsfor al aircraft at the outer metering arc, metering fix, fina approach fix and
threshold. Minimum separation requirements are applied to STAs at the metering fix, fina approach
fix and threshold. In conjunction with the sequencing and scheduling process, TMA determines a
runway assignment for each aircraft based on runway system delay reduction optimization logic
and adjusts an aircraft’ s schedule to optimize delay distribution between TRACON and Center
airspace.

TMA displays graphica timeline, load chart, planview traffic situation and linear list datato Center
traffic management coordinators, and displays aircraft schedule crossing and delay absorption
advisories to Center sector controllers. Traffic management coordinators may enter datato manualy
adjust sequence, schedule and runway assignments and processing parameters. TMA data can be
transmitted for display at TRACON and ATC towers sites. Timeline and related data are also used
by TRACON traffic managersto plan and coordinate inbound flows.

TMA System Operation

TMA continually updatesits results using radar and flight data from the Center computer systemin
responding to changing events and controller and coordinator inputs. TMA performs sequencing
and scheduling for aircraft in the Center's airspace (approximately 40 to 200 miles from the arrival
airport) and schedules some aircraft before entering the Center's airspace provided the flight planis
received. The scheduling updates continue until an aircraft's metering fix ETA islessthan or equal
to 19 minutes in the future (the “freeze horizon), at which point the aircraft's STA isfrozen. The
TMA-generated STAs and runway assignments may be overruled by FAST when aircraft enter the
TRACON airspace.

TMA sequences aircraft according to ETAs at the metering fix using first-come first served
ordering with adjustments within each super stream class. Aircraft in each such class share common
characteristics, such as engine type (i.e., turbojet, turboprop or piston), destination airport and
metering fix.

Metering fix STAs are calculated after the metering fix sequence is determined for each aircraft. An
aircraft’ s STA may only be set equal to or later than its metering fix nominal ETA, based on
scheduling constraints and sequence position. An STA later than the aircraft’ SETA signifies delay
in the en route airspace upstream of the metering fix. Metering fix scheduling constraints are:

* TRACON Acceptance Rate: the maximum number of aircraft per hour that can be scheduled to
enter the TRACON airspace.

* Meter Fix Acceptance Rate: the maximum number of aircraft per hour that can be scheduled to
cross ameter fix; each meter fix hasits own meter fix acceptance rate.

* Gate Acceptance Rate: the maximum number of aircraft per hour that can be scheduled to cross
any of the meter fixes contained within agate; each gate hasits own gate acceptance rate.

*  Super Stream Class Miles-In-Trail Separation: the separation, in nautical miles, between aircraft
asthey cross the meter fix; each super stream class has its own miles-in-trail restriction.



* Maeter Fix Blocked Intervals. timeintervals during which aircraft may not be scheduled to cross
the meter fix.

Runway STAs then are determined based on consideration of the preliminary metering fix STAS
and runway ETAS, subject to scheduling constraints. The TRACON transition time (i.e., the
difference between metering fix and runway ETAS) is calculated for each aircraft, and any TMA-
planned delay in the TRACON airspace due to scheduling constraints is determined. Runway
scheduling congtraints are:

* Airport Acceptance Rate: the maximum number of aircraft per hour that can be scheduled to
land at aparticular airport.

* Runway Acceptance Rate: the maximum number of aircraft per hour that can be scheduled to
land on a particular runway.

*  Wake Vortex Separation: minimum separation requirement, in nautical miles, between aircraft as
they land; the amount of separation varies depending on the engine type and weight class of the
two aircraft to be separated from each other.

* Runway Occupancy Time: the additiona time between arriving aircraft to account for various
stopping conditions and the amount of time required by alanded aircraft to clear the runway.

* Runway Blocked Intervals. the time intervals during which aircraft may not be scheduled to
land.

TMA appliesthe runway scheduling constraints at the arrival threshold for instrument flight rule
(IFR) operations and at the final approach fix for visua flight rule (VFR) operations.

TMA exercisesits delay distribution function to govern the delay planned for absorption in the
TRACON airgpace according to a preset limit for that TRACON. The STAs are adjusted to
reall ocate delay between TRACON and Center airspace.

TMA then computes the STASs at the outer metering arc given the metering fix and runway ETAS
and STAsfor all aircraft. TMA does not apply scheduling constraints at the outer metering arc, and
remaining differences among and between STAs and ETAs are absorbed as planned delay within
the TMA Center airspace.

TMA invokes arunway allocation process designed to reduce overall runway system delay. The
process examines ETAsto dl eligible runwaysfor new arrivalsto defineinitial runway assignments
and STAs that would have the best runway acceptance rate result. During the subsequent
scheduling processes for aircraft transiting the Center airspace, TMA continuously responds to
traffic events and evaluates runway reassignment options. TMA considers the aircraft’ s destination
airport and runway configuration, assigned metering fix and aircraft engine type; develops and
evaluates trial runway assignments and STAS, and searches for the scheduling and runway
assignment solution with the best impact on STA-defined system delay.

TMA Potential Benefits

In addition to serving as a coordination and planning tool for traffic managers, TMA providesa
capability to reduce flight operating costs and noxious emissions. These benefits are derived from
reduced delays due to more efficient runway utilization and more fuel-efficient distribution of delay
between Center and TRACON airspace.

TMA contributes to more efficient runway system utilization by establishing expedient runway
allocations and generating schedules and advisories for aircraft crossing the metering fix. Delay
absorption advisories displayed to Center air traffic controllers are used to maneuver aircraft so that
actua metering fix crossing times conform closely with the TMA schedule. Animproved arriva
time delivery accuracy at the metering fix relative to current operationsis achieved, resulting in a
reduction in the variance between the actua and predicted trgectories.



More fud efficient trgjectories are adirect result of TMA’s delay distribution function which
diverts aproportion of flight delay from TRACON to Center airspace, reducing fuel burn without
impacting runway system throughput and overall delay.

TMA automation is able to establish an efficient airspace and runway system utilization plan and
implement the plan more effectively than could current manual ATM operations. The TMA benefits
mechanisms are further explained in the following paragraphs.

TMA Delay Reduction

Actual spacings between aircraft, asimplemented by air traffic controllers, must meet minimum
separation requirements. Minimum separation requirements are formally specified by the Federa
Aviation Administration.™** Observations®** of terminal operations during busy traffic conditions,
when traffic is compressed and runway throughput is high, indicate that actual spacings between
successive aircraft exceed the minimum longitudinal separation requirement by some small amount.
These excess spacing buffers servein part to assure that separation minima are not violated because
of trgjectory uncertainties. The excess spacing buffer provides an alowance for the variance
between actual and predicted trgjectories, precluding the situation in which variations from the
intended longitudinal positions of successive aircraft would cause their closure distance to be less
than a minimum separation requirement.

Quite apart from the process of maintaining proper pairwise separation between successive aircraft,
time uncertainty in the delivery of aircraft at afix also contributes to excess spacing. In the extended
terminal airspace, arrival aircraft cross different inbound metering fixes. Current ATM operations
develop an aircraft crossing schedule for each metering fix using time or distance-based traffic flow
methods. The TMA sets either atime-based or miles-in-trail schedule for the crossings of each fix.
The TMA schedule is an improvement over the current system schedule as TMA uses highly
accurate tragjectory prediction models and incorporates an aircraft-by-aircraft sequencing plan for
downstream merging in the TRACON airspace and runway landings. However, aswith any system,
prediction and control inaccuracy causes deviations from a metering fix crossing schedule. The
deviations require subsequent trajectory adjustments by the downstream TRACON controllersto
prevent violations of separation minimaand, to the extent possible, eliminate extraneous gaps at
downstream merge points and the runway threshold. The extraneous gaps may not be totally
eliminated because aircraft are not dwaysin position to allow corrective maneuvering within the
TRACON airspace. These extraneous gaps may be referred to as “missed dots’ in that they
represent missed opportunities to fit additional traffic into the approach patterns. The resulting
contribution to the excess spacing is directly related to the variance between the actual and predicted
crossing of the metering fix as observed in recent field tests™*>'¢ at Dallas-Fort Worth
International Airport (DFW).

TMA Delay Distribution

Improved trgjectory accuracy would aso impact the fuel burn efficiency associated with the
distribution of arrival flight delay between the TRACON and Center airspaces. Given a specified
amount of delay, part of the delay would be absorbed in the lower terminal atitudesto maintain
efficient runway utilization, as follows. Scheduling some delay in the terminal airspace allows
TRACON controllers more flexibility to absorb the metering fix crossing variability, allowing them
to increase runway system utilization. Thus, late arrivals at the metering fix can be maneuvered so to
forgo this scheduled delay and reach the runway earlier, mitigating extraneous gaps. Without this
scheduled delay, late aircraft at the metering fix would aso be late at the runway threshold, thus
maintaining extraneous gaps in the arrival stream which reduce the airport arrival throughput an
increase delay. The remainder of the overall delay is absorbed at higher en route altitudes, where the
fuel burn is more efficient.

TMA implements adelay distribution function which optimizes the allocation of delay between
Center and TRACON airspaces. The function is sensitive to metering fix delivery accuracy because



asignificant improvement in metering fix accuracy enables built-in TRACON delay meant to
absorb trgjectory variations to be shifted to Center airspace where it can be absorbed with greater
fuel efficiency. In thisway, the same amount of delay is absorbed more efficiently, resulting in anet
fuel savings.

Delay Reduction and Distribution Interaction
Improved metering fix accuracy has two interrelated effects that are leveraged by TMA:

* runway utilization isimproved and delay is decreased due to areduction in the extraneous gap
contribution to the excess spacing buffer

» fuel burnisreduced by incrementally allocating alarger proportion of the planned delay to
Center airspace.

The interaction is due to the cost trade-off that exists between high runway utilization (reduced
extraneous gap delay costs) and delay distribution incremental fuel costs associated with higher
TRACON fud burn rates. Asaresult of the trade-off, an optimum exists.

Figure 1-1 represents this relationship for two metering fix accuracy levels (o,,.). For explanatory
analysis purposes, this representation employs an ideal TRACON Delay Setting (amount of built-in
TRACON delay) that will minimize combined costs of delay and fuel. As shown, the optimum or
minimum cost TRACON Delay Setting differsfor the two bold total cost curves, derived from the
two metering fix accuracy levels of 100 and 45 sec. The plot shows that improved metering fix
accuracy optimally leads to reduced built-in TRACON delay (158 to 71 seconds), with savingsin
both delay distribution incremental fuel cost (AFuel) and extraneous gap/missed landing slot delay.
In the event that the TRACON Delay Setting were held fixed while metering fix accuracy improved
(vertical dlide between total cost curves) the system would be expected to experience significant
delay savings (vertical difference between delay curves) without any savingsin delay distribution
incremental fuel costs (AFuel curve does not change). Overall, thisresults in a suboptimal
improvement in total costs.
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Figurel-1 Extraneous Gap and Delay Distribution Incremental Fuel Cost Tradeoff

However, based on previous studies of TRACON flight track data, '8 terminal airspace can
typicaly only absorb 100 to 200 seconds of delay on average beyond the fastest feasible path to the
runway. The maximum delay that can realistically be accommodated in the TRACON airspaceis
constrained by the airspace geometry and complexity of air traffic control operations. Facilities can
occasionally handle higher amounts of delay but would be overburdened if most aircraft required
such attention. If we restrict the TRACON Delay Setting accordingly, the results change
considerably. At high metering fix delivery accuracies, when the Delay Setting is bounded by this
restriction, large extraneous gap delay saving but no delay distribution incremental fuel saving are
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expected to result from metering fix accuracy improvements. In this case, al the available TRACON
delay absorption capability isbest used to absorb metering fix delivery variability in order to reduce
extraneous gap delay, thereby increasing runway system throughput. This occurs until the accuracy
improves to the point that the optimal Delay Setting is no longer constrained by the available
TRACON absorption capability. That is, athough the metering fix delivery accuracy improves, no
delay is shifted from TRACON to Center airspace until the system operates optimally. Once the
optimal delay setting is no longer bound by the restriction, both extraneous gap delay savings and
delay distribution incremental fuel savingswill occur.

A previous study "** analyzed the delay distribution incremental fuel savings and extraneous gap
delay contribution to the spacing buffer using metering fix delivery accuracy obtained from TMA
prototype field tests at DFW. The field tests provided data describing actual and TMA-planned
aircraft crossings of the metering fix during current system and TMA operations. Table 2-1
presents these theoretically-derived values for two TRACON Delay Setting values: 100 and 200
seconds.

Table 2-1 TMA TRACON Delay Setting Comparison

TRACON Delay Threshold Excess Delay

Observed Setting Spacing Buffer Distribution

Metering Fix Max Extraneous Gap Delay Incremental
Delivery Accuracy ~ Optimal Setting Contribution(ys) Fuel Cost
Current System 180 sec 284 sec 100 sec 3.57 sec $12.88/ac
CTAS TMA System 90 sec 142 sec 100 sec 0.82 sec $12.88/ac
Current System 180 sec 284 sec 200 sec 1.65sec $25.76/ac
CTAS TMA System 90 sec 142 sec 200 sec 0.35 sec $18.31/ac

The second column presents metering fix delivery accuracies determined from the field test resullts.
The third column identifies the derived optimal TRACON Delay Setting, while the next column
identifies the restricted maximum setting. This maximum setting defines the limit on aTRACON'’s
ability to absorb delay beyond the least timeto fly. The table shading indicates which of the two
settings, 100 or 200 seconds, is limiting. The fifth column identifies the extraneous gap delay
contribution to the threshold excess spacing buffer. The final column in the table identifies the
average fuel cost (using the DFW fleet mix) per arriving aircraft associated with absorbing delay in
the TRACON above the fastest path. Its value depends on the chosen TRACON Delay Setting.

Relative to the Current System, TMA with either the 100 or 200 second setting reduces the
threshold excess spacing buffer contribution because the extraneous gap delay on final is reduced
with improved metering fix crossing accuracy. A larger spacing buffer reduction is found with the
more restrictive 100 second maximum TRACON delay absorption threshold. This occurs because
insufficient delay dack isavailablein the TRACON airspace with the limited setting to absorb the
system’ s metering fix variability, significantly increasing the extraneous gap contribution to the
buffer. With a 200 second restriction, TMA is able to take advantage of its metering fix accuracy
improvement to reduced the extraneous gap contribution to the buffer. Table 2-1 also shows that no
fuel savings are expected when the TRACON Delay Setting is limited to 100 seconds (i.e.
TRACON airspace delay cost is $12.88 per aircraft regardless of system). This reflects the fact that
more TRACON delay is needed to absorb the system’ s metering fix variability than isavailable
with the 100 second ceiling. Thus, no delay is shifted from the TRACON to the Center. However,
with the less restrictive 200 second limit, TMA with it'simproved metering fix accuracy isableto
better distribute delay between the Center and TRACON. This reduces fuel costs for arrival aircraft
during arush as, on average, their nominal time spent in the TRACON is expected to be reduced.
The alleviation of restrictionson TRACON delay absorption provides TMA greater freedom to
exercise the optimization trade-offs depicted in Figure 1-1.
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3. Multi-Center Traffic Manager Advisor

Multi-Center TMA enables traffic management coordinatorsin different Centersto mutually plan
arrival traffic flow into acommon airport. Multi-Center TMA resolves situations in which no one
Center has complete information of the overall traffic handling requirement. Without inter-Center
data exchange and coordination, each TMA operation in different Centers could independently
generate traffic flows that jointly overload their common TRACON. Traffic congestion in the
TRACON would require intervention to restrain the inbound traffic flow, propagating delay
upstream. Delay propagation due to coordination complexities could be particularly severein
congested areas characterized by aheavily traveled network of nearby airports, such asthe
Northeast Corridor, where short flights limit reactive traffic flow adjustment options and planning is
criticd.

Multi-Center TMA System Operation

Multi-Center TMA develops a sequencing and scheduling plan for arrival aircraft to an airport that
directly supports operations in each Center feeding traffic to the TRACON serving that airport, but
is based on optimizing runway system and extended terminal airspace operations. TMA aids air
traffic controllers and traffic management coordinatorsin each Center in the establishment of
efficient inbound traffic flows and distributions and in the timely delivery of aircraft to metering
fixes a each Center’ s boundary with the TRACON.

Of the 10 airports under study, the following four have been identified in a previous study " as
sitesfor Multi-Center TMA service:

* Newark (EWR)

* Kennedy (JFK)

e LaGuardia(LGA)

* Philadelphia (PHL)

The remaining six subjects are Single-Center TMA sites serving:
* Denver (DEN)

» Dadllas-Ft. Worth (DFW)
*  Minneapolis (MSP)

* Chicago O’'Hare (ORD)
* LosAngdes(LAX)

* San Francisco (SFO)

Multi-Center TMA Potential Benefits

While the implementation of Multi-Center TMA istechnologically and operationally more complex
than TMA implementation at one site, the flight delay reductions achievable by Multi-Center TMA
may be essentially identical to those of Single-Center TMA. The benefits dueto TMA accrued by
arrival flightsinto a TRACON described in the preceding section of this report are assumed to be
equally applicable regardless of whether that TRACON is served by one or multiple Centers.
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4. Passive Final Approach Spacing Tool

Passive FAST devel ops a sequencing, scheduling and runway assignment plan for arrival aircraft to
an airport that directly supports TRACON operations and is based on optimizing runway system
and terminal airspace operations. pFAST aids TRACON air traffic controllersin finalizing landing
runway assignments and in achieving efficient runway system utilization.

The generic software modules that generate aircraft routes, trgjectories and ETAS are common to
pPFAST and TMA. Currently, ajoint TMA-pFAST deployment serving an extended terminal
airspace may implement separate software systems, with redundant modules, for both the Center
and TRACON, with gppropriate two-way datalink service. When deployed jointly with TMA, the
pFAST ETAsand runway assignments at the metering fix for new aircraft entriesinto the
TRACON airspace should be compatible with those of TMA. In either joint deployment with TMA
or in stand-alone mode without TMA, pFAST continuoudy updates aircraft ETAsand STAsaong
trgectories between the metering fix and the runway and updates runway assignments. For any
aircraft, pFAST computes ETAS, performs sequencing and scheduling with subsequent potential
conflict resolution, and determines runway allocation based on an assessment of delay impacts.

PFAST displays textual advisoriesto controllers describing runway assignment and sequence for
each aircraft. These advisors are shown in the flight data blocks on the controllers' traffic Situation
display. The TRACON controller may change the sequence and runway assignment using
keyboard entry. ETA and STA timeline and other data are displayed to TRACON traffic managers,
and could be transmitted for display at Centersand ATC towers.

pFAST System Operation

The pFAST sequencing, scheduling and runway assignment updates are based on radar and flight
data received from the Center and TRACON computer systems and Center controller inputs. The
radar and flight data are used to generate ETAs for each aircraft in the TRACON airspace. This
airspace typically covers an areawithin 30 to 40 nmi radius of amajor airport and below 10,000 to
12,000 feet above the surface. A set of ETAs are computed for an aircraft for route aternatives
which alow for speed, horizontal and vertical maneuver variations. These routes are determined
according to current airport runway system configuration and terminal areatraffic plan, eligible
runway, geographic section of airspace, engine type, approach segment (e.g., downwind, final, base,
etc.) and aircraft state. ETAs along each route are derived from a4-dimensional trgjectory
generated through the specified route waypoints using aircraft state, atmospheric grid, and vertical
and speed congtraint data.

PFAST sequences and schedules aircraft at defined time step intervals along each trajectory while
maintaining proper spacing and avoiding conflicts. Groups of time steps define trgjectory segments
(e.g., final, left base leg, long-side downwind, etc.) which are used to correlate aircraft to compare
and define relative sequence order. Aircraft sequence positions determined within each segment are
combined, by merging trgjectory segments, to determine the landing sequence for each runway.
STAs are calculated based on the sequence plan and corresponding trajectories.

An aircraft’ strajectory segments are searched for potential violation of separation requirements
with other aircraft. In the case of apotential conflict, pFAST will invoke resolution algorithms to
manipul ate one or more tragjectories based on the range of maneuver variations available and
associated ETAS. STAs are adjusted accordingly.

PFAST balances aircraft |anding assignments among the eligible runways to reduce overal runway
system delay, subject to constraints adapted to local operating procedures. When triggered by
traffic events (e.g., metering fix crossing, change in trgjectory segment, controller intervention entry,
missed approach) during an aircraft transit of the TRACON airspace, the process examines trial
solutions to assess the runway utilization gains potentially obtainable by changing a previous
runway assignment. pFAST defines the preferred runway for each aircraft in the landing sequence

14



and selects a set of aircraft eigible for reassignment. The preferred runway is based on the mapping
relationship between an aircraft’ s feeder gate and runway, aircraft engine type and weight class, and
considerations pertaining to controller or airline procedures and preferences. Aircraft eligibility for
runway reassignment is determined largely by a runway allocation window defined for each
runway. An aircraft with an ETA between the “ start testing runway allocation time horizon” and
the “freeze runway allocation time horizon” is eligible for reassignment. pFAST calculates
estimated schedules and delays for the eligible aircraft for their current and aternative runways.
PFAST then applies criteria encapsulating facility procedures, delay reduction and controller
heuristics to narrow this set to amost likely aircraft to be reassigned. From this reduced set, pFAST
selects an aircraft whose runway reassignment is most likely to have the greatest delay benefit to the
overall arrival operation. pFAST tests the aircraft's proposed new runway in the full sequencing and
conflict resolution cycle with all other aircraft. The resulting trial sequence, schedule, delay and
conflict resolution data is evaluated to confirm or reject the proposed runway reassignment and
associated resequencing and rescheduling.

pFAST Potential Benefits

pPFAST provides a capability to reduce flight operating costs, noise exposure and noxious
emissions. These benefits are derived from reduced delays due to more efficient runway and
airspace system utilization. pFAST improves system utilization by determining efficient runway
assignments, trajectories, sequences and schedules for terminal areaarrival aircraft, and displaying
the corresponding landing runway assignment and sequencing advisoriesto TRACON controllers.
The pFAST advisories are designed to balance the use of all available runways and sequence
aircraft to reduce delay.

The pFAST runway balancing process increases system efficiency by assigning aircraft to the
runway that minimizes overall delay.

The advisories enhance controllers' ability to mentally structure and visudize the arrival traffic plan
and efficiently manage merging operations in the TRACON airspace relative to current operations.
Controllers use the runway assignment and sequence advisories to generate TRACON arrival
clearancesin conformance with the pFAST traffic optimization plan, resulting in areduction in the
variance between the actua and planned aircraft trgectories. Here, the reduction is based on the
comparison of the variance relative to the manually projected trgjectory in the current system versus
the variance relative to the pFA ST-optimized planned trgjectory. The improvement in aircraft
position accuracy with respect to the planned position (i.e., reduction in aircraft position
uncertainty) implies areduction in the variance between actual and planned aircraft spacings. This
pFAST-derived improvement in the controllability of spacing between successive aircraft effectively
achieves areduction in the excess spacing buffer.

PFAST enables controllers to better utilize the runway and airspace system relative to current
operations through reduced aircraft position uncertainty and improved runway balancing and
aircraft sequencing. These pFAST benefits mechanisms are further examined in the following

paragraphs.

pFAST Aircraft Position Uncertainty

A previous study "**° analyzed pFAST operational impacts using the results of a pFAST prototype
field test at DFW in combination with analytical formulations and computerized simulations. Field
test radar data recordings of traffic during current system and pFAST operations were used to
determine aircraft actual crossings of the arrival runway threshold and the corresponding aircraft
separations. These field test data were combined with modelings of TRACON operations to
evaluate the excess spacing buffer contribution of aircraft position uncertainty.

The modelings ssimulated aircraft movement from metering fix to threshold for the DFW TRACON
for the four nominal arrival routings shown in Figure 4-1 and 4-2. The position variance of the
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aircraft at various points along their assigned nominal trajectories were analyzed based on
perturbations of various parameters affecting flight performance. In the end, the analysis focused on
the runway approach segments between the point of final controller advisory and the runway arrival
threshold. Thefinal controller advisories, shown astrianglesin Figures4-1 and 4-2, are either a
turn-to-base vector from downwind approaches or a deceleration advisory for straight-in
approaches. This action effectively would negate the upstream trgjectory errors accumul ated
between the metering fix and the point of final controller advisory.
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Figure4-2 Modeled Nominal Approach Trajectories, Vertical Profile and Speed
Schedule

Aircraft position accuracy values were determined for al possible aircraft pairings by varying
threshold crossing speeds for the different aircraft weight classes. The aircraft position error
distributions were used in analytical models to identify their contribution to the excess spacing
buffer at the runway threshold. These values were calibrated (i.e., scaled proportionately through
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iteration) to fit the observed aircraft spacings obtained from the field tests to produce matrixes of
threshold excess spacing buffer contributions due to aircraft position uncertainty. The matrix
shown in Table 4-1 compares buffers between current system and pFAST operations.

Table4-1 Arrival Aircraft Position Uncertainty Contribution to the Runway
Threshold Excess Spacing Buffer

Leading Aircraft Small Large Heavy
Current System
Small 25.7 sec 25.1sec 25.1sec 24.6 sec
Large 27.8 sec 25.2 sec 25.2 sec 24.5 sec
757 28.9 sec 26.4 sec 26.4 sec 25.7 sec
Heavy 30.5 sec 28.2 sec 28.2 sec 25.7 sec
pFAST
Small 23.6 sec 23.3 sec 23.3 sec 23.0 sec
Large 25.0 sec 23.2 seC 23.2 seC 22.8 sec
757 25.6 sec 24.0 sec 24.0 sec 23.3 sec
Heavy 26.6 sec 25.1 sec 25.1sec 23.3 sec

pFAST Runway Balancing and Aircraft Sequencing

Previous studies™ 9?2 of pFAST have examined runway balancing and aircraft sequencing by
evaluating their impacts in terms of equivalent excess spacing buffer reductions at the arrival
threshold. The premise being that an inefficient runway operation reduces throughput which can
mathematically be represented by increased average spacing between aircraft. This buffer is reduced
with the implementation of pFAST.

The excess spacing buffer increase due to non-optimal runway balancing under current operations
without pFAST was estimated"™** from prior simulation work performed at NASA Ames Research
Center. Figure 4-3 shows the simulation results which compare average delay per rush arrival under
current manual (baseline) operation and both the passive and active versions of FAST."™*° The
delay datafor current and pFAST runway balancing operations were used, with allowance for
queuing effects, to mathematically derive the mean difference in aircraft time spacing between the
two operations. Thisresulted in arunway balancing buffer contribution of approximately 2.3
seconds per aircraft pair when pFAST isnot in place. This estimate fits the pFAST prototype field
test results at DFW. "2 The runway balancing buffer reduction is assumed achievable at airports
operating with 3 or more arrival runways. With less than 3 runways, the runway balancing
improvement of pFAST is assumed to be negligible.

The plotsin Figure 4-3 indicate that improved sequencing provides a small benefit compared to the
other mechanisms, such as runway balancing and improved in-trail position accuracy. This result
concurs with other research, %
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5. Active Final Approach Spacing Tool

Active FAST performs the same traffic analysis, prediction and resolution functions as pFAST, but
assembles and presentsinformation to TRACON air traffic controllers that are in addition to that of
PFAST. Using the same capabilities as pFAST, aFAST devel ops sequencing, scheduling and
runway assignment plans for arrival aircraft to an airport. As does pFAST, this process directly
supports TRACON operations and is based on optimizing runway system and termina airspace
operations. As does pFAST, aFAST aids TRACON air traffic controllersin efficiently utilizing the
terminal airspace and runway system by identifying optimum landing runway assignments and
seguences. in achieving. However, beyond pFAST, aFAST displays advisories to controllers which
are specificaly directed to accurately positioning and spacing aircraft on TRACON arrival patterns,
especially the final approach.

aFAST System Operation

The aFAST operating functionality is the same as that described in the preceding section for
PFAST except for expanded information display. aFAST displays textual and graphical advisories
to controllers describing runway assignment and sequence, indicated airspeed and heading for each
aircraft. The textual advisors are shown in the flight data blocks on a controller’ straffic situation
display. Recall pFAST displays only the runway assignment and aircraft sequencein the data
block. In addition to this textual data, aFAST graphically presents the speed and heading advisories
on the controllers’ traffic situation display. A specia airspeed advisory symbol isdisplayed asa
marker at the advised |location to issue the airspeed instruction. A special heading advisory symbol
isdisplayed as amarker at the advised location to issue the turn instruction. The advised magnetic
heading in degrees is displayed textually next to this marker symbol, and a pictorial arc is displayed
to depict the predicted turn path, accounting for speed, heading and winds aloft. Color coding would
be applied to enhance the symbolic information.

Asdoes pFAST, aFAST enablesthe TRACON controller to change the sequence and runway
assignment using keyboard entry. ETA and STA timeline and other data are displayed to TRACON
traffic managers, and could be transmitted for display at Centersand ATC towers.

aFAST Potential Benefits

aFAST provides an enhanced capability, relative to pFAST, to reduce flight operating costs, noise
exposure and noxious emissions. These benefits are derived from reduced delays due to more
efficient runway and airspace system utilization. aFAST improves system utilization analogoudly to
PFAST, but displays an expanded set of datato controllers. aFAST determines efficient runway
assignments, trgjectories, sequences and schedules for terminal area arrival aircraft, and displaysthe
corresponding landing runway assignment, arrival sequencing, airspeed and heading advisoriesto
TRACON controllers. The aFAST advisories are designed to balance the use of all available
runways to reduce delay and sequence and space aircraft to allow efficient merging of separate
traffic streams according to the best achievable aircraft ordering by type.

Controllers use the aircraft airspeed and heading advisories in conjunction with the runway
assignment and sequence advisories to maneuver aircraft so that actual aircraft positions, sequences
and landing times conform closely with the aFAST traffic optimization plan. The advisories
facilitate arrival merging and spacing operations throughout the TRACON. The airspeed and
heading data displayed for the final controller advisories are particularly effective in controlling
gpacing aong the final approach. These advisories identify precisely the content and timing of the
turn-to-base vector from a downwind segment or deceleration for straight-in approach that would
achieve the trgectory planned by pFAST to optimize runway utilization. aFAST effectivenessis
enhanced by its ability automatically to resequence and reschedul e trgjectories in response to
changing circumstances such as alate turn-to-base or a missed approach. A reduction in the
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variance between the actual and predicted trgjectories results, achieving an improved arrival time
delivery accuracy at the runway threshold relative to current operations.

Benefits derived from aFAST runway balancing and sequences would be analogous to those of
pPFAST. However, aFAST further reduces the variance between actual and planned aircraft position.
Thisimprovement in aircraft position uncertainty resultsin afurther reduction in the excess spacing
buffer applied to compensate for inaccuraciesin the predicted position of aircraft within the
TRACON airspace. A previous study "% which evaluated excess sg)aci ng buffer reductions
attributable to aFAST relative to current operations was updated % to account for the results of the
DFW prototype field test. The update indicates that these additional reductions dueto aFAST are
approximately equal to those of pFAST.
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6. Collaborative Arrival Planning

CAP provides ameans for airlines to communicate their arriva flight preferences, status, and AOC
information to the air traffic management service provider for incorporation into ATM strategies
and clearances, and ameansfor ATM to communicate real-time ATM status and prediction
information to airlines. CAP consists of the airline and ATM automation communication
infrastructure for one-way and two-way data transmission of air traffic status and near-term
prediction information to the airlines, and airline arriva flight preferences, aswell as, other airline-
sensed data (e.g., updated arrival aircraft performance characteristics, winds) to the ATM service
provider. The CAP automation assists in generating and communicating user preferenceand ATM
data using adapted DST software and new communication network capabilities.

The enhanced airline-ATM information exchange provided by CAP enablesincreased
accommodation of airline arrival arcraft trgjectory preferences, facilitates new air traffic operational
concepts such asintra-airline arrival dot swapping, and improves ATM clearance decisions through
more accurate air traffic trgjectory predictions.

CAP System Operation

CAP iscurrently in the early stage of automation technology development, and plansfor future
CAP features and CAP-supported air traffic operations are maturing. An evolutionary technology
development processis expected as described in the following paragraphs.

The near-term communication of ATM status and prediction information is being facilitated
through the establishment of a CTA S-to-airline data exchange through the use of aTMA

“repeater” at the American Airlines (AAL’s) AOC near DFW airport. This repeater system
consists of aone-way ground-to-ground computer network that transmits data from the Fort Worth
ARTCC to the American Airlines AOC to display TMA-generated Planview and Timeline
Graphical User Interface information. The repeater provides the AOC with near-real time updates of
air traffic information such as estimated arrival times, expected flight delays, arrival sequences,
airport arrival rates, and airport configuration. This CTAS repeater provides airline accessto TMA
data except for non-AAL aircraft identifiers.

Other expected near-term passive CAP data exchange devel opments include the creation of an
airline-to-CTAS data exchange. The airline-to-CTAS data exchange will be developed to transfer
timely AOC datato CTAS to improve itstrgectory predictions and advisories. Some of the
expected data to be exchanged include departure data from satellite airports, aircraft weight, and
aircraft-sensed winds data. A number of additional potential AOC and ATM data elementsto be
exchanged are under consideration including aircraft-specific runway landing constraints (e.g.,
some aircraft may not be permitted to land on certain airport runways due to weight limits or
mechanical failures), and landing system capabilities (e.g., Category I, 11 or I11).

Future development of CAP functionalitieswill be focused on atwo-way airlineeATM data
exchange of arrival flight information. CAP tools will be devel oped for the airline dispatchers,
operational coordinators, and ramp tower managersto efficiently generate airline aircraft arrival
preferences. This preference information is expected to include aircraft arrival sequence and
schedule, runway preferences, gate preferences, and preferred Mach number/calibrated airspeed
(CAYS) descent schedules. Additional CAP toolswill be developed for the ATM traffic management
coordinators and, possibly the air traffic controllersif operationally feasible, to enable the
processing and evaluation of and response to (if necessary) airline arrival preferences within ATM
operating constraints.

One expected future operating concept that could be supported with CAP isintra-airline arrival slot
swapping. The concept will alow an airline to swap arrival dotsamong itsinbound arriva flightsin
the DST-adapted airspace to enable the most time-critical flights to land first. Airlineswould be
interested in this capability in Situations such as the possible dot swap between:
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1) aflight with low fuel reserves with aflight with significant fuel reserves,
2) aflight whose gate is not yet available with aflight whose gate is available, and

3) flightsin different banks during irregular operations conditions when air traffic from
consecutive arrival banks overlap.

CAP Potential Benefits

CAP provides a capability to enhance capacity, flexibility, predictability and improve airline resource
allocation decisions. The potentia benefits of CAP accrue to the airlines using CAP tools, the ATM
service provider, non-CAP-using airspace users, and airline customers (e.g., passengers and cargo
owners). Potential benefits are shortly identified for both passive CAP data exchanges (including
both CTAS-to-airline and airline-to-CTAS exchanges) and for future CAP ATM/Airline decision
support tools. Airline dispatcher and ramp personnel contributions™-*+%? are the source of a
number of the potential benefits.

CAP Passive Data Exchange Analysis

CTAS-to-Airline Data Exchange -- Near-term benefits will accrue to the airlines with a CAP
repeater installed at their AOC displaying air traffic operations data for major hub airports. These
benefits result from AOC use of DST-provided reports or projections of flight arrival times and
termina delays.

The display of predictions of arrival timesisasignificant accuracy improvement over current airline
predictions. Preliminary NASA research results™# indicate that at “change-over”, typically 20-30
minutes away from landing, CTAS landing time prediction accuracies reduce expected standard
deviation time errors from the airline’ slevel of 5 minutes down to 3 minutes. This better knowledge
of aircraft arrival times resultsin better airline resource allocation decisions for such resources as
gates, ramps, aircraft, flight crews and ground operations equipment and personnel, improved arrival
and departure coordination (i.e., “hold-go” decisions) and reduced baggage mishandling costs.
Improved AOC knowledge of terminal airspace delayswill aso provide benefits due to reduced
low-fuel diversions. In addition to these previously-mentioned benefits, additional benefits have
been observed through CAP repeater field tests. "%

In the case of airport ground operations equipment and personnel, because of the uncertainty of
flight arrival timesin arrival banks, airlines tend to provide one set of ground equipment and
personnel per gate. These equipment and personnel are dedicated to serving their particular gate
around-the-clock regardless of when the next arrival flight at that gate is scheduled. With a better
prediction of flight arrival times provided by the CAP repesater, the ground operations equi pment
and personnel could be assigned to more than one gate. This would then allow airline airport
personnel to improve equipment and personnel utilization, thereby, achieving ground resource
operational cost savings. In addition, overtime costs that are incurred by the airline due to the
unpredictable nature of the gate operations could be potentially reduced through the improved
utilization of ground personnel and equipment.

In the case of the better arrival and departure coordination, airline station managers often must make
decisions on whether to hold departing aircraft for late arriving passengers, and baggage. The
quality of these decisions have a direct impact on the direct operating costs of the airline, aswell as
the service to the revenue-paying passengers and cargo. Theimproved accuracy in flight arrival time
predictions provided by the CAP repeater leads to improved arrival and departure management and
provides areduction in the airline direct operating costs, an improvement in airline service, and, an
improved predictability to customersin destination arrival time.

The more accurate DST-predicted arrival times offer the potential for the airline airport personnel to
reduce baggage mishandling costs. Typically, one hour before an aircraft’ s arrival, ramp personnel
decide arriving aircraft gate allocations and coordinate thisinformation with baggage personnel.
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Baggage personnel use thisinformation to determine to which gates bags need to be routed. If gate
allocations are switched at later times, tight schedule connections may result in baggage
misconnections and significant baggage mishandling costs. The more accurate arrival time
predictions provided by CAP could improve the gate all ocation decisions, reducing the chance of
baggage misconnections and resulting baggage mishandling costs.

The CAP repeater provides more accurate estimates of termind air traffic delays than otherwise
availableto AOC dispatchers. This more accurate estimate could lead to a reduction in the number
of airlineflight diversions. Thisreduction in the flight diversions would result during periods of
significant aircraft holding and when the flight did not load alarge amount of extrafuel (which can
be due to a number of reasons that include good weather forecasts and alack of aircraft weight
usable for fuel because of extra payload). Because of IFR procedures that allow for potentia air-
ground communications failure, a controller will issue a holding clearance and an “ expect further
clearance’ instruction for a given, often long period of time (e.g., 15 minutes or more). If aflight is
low on fuel and the “expect further clearance’ message is the best available estimation on how
much longer the flight will have to hold, the pilot, in consultation with a dispatcher, may choose to
divert to an aternate landing airport. However, with the CAP-enhanced repeater in the AOC, the
dispatcher can examine the DST-predicted delay times and estimate the flight’ s holding time. If this
delay prediction timeis significantly less than the “ expect further clearance” time and within the
diversion tolerance of the particular flight, adiversion can be avoided. This diversion avoidance can
significantly reduce airline crew costs, fuel costs, downstream schedule delays and cancellations,
and possibly customer lodging costs, if late at night, and increase customer loyalty from reduced
missed connections and lengthy travel delays. Previous NASA CAP field demonstrations™-#
observed such reductionsin potential diversions and identified an additional diversion-related
benefit mechanism. In the case when an aircraft is sure to divert, the additional CAP arrival
prediction accuracy will alow the aircraft to divert earlier, saving additional fuel costs.

Finally, additional benefits have aready been observed at NASA CAP field demonstrations which
included reduced workload and improved airline bank management. The CAP field demonstrations
suggest that the use of a CTAS “repeater” system helps to reduce the workload of FAA traffic
flow manager, airline ATC operations coordinator, and airline dispatchers. The presentation of
expected per aircraft delay times and other CTAS information reduced the number of phone calls
from the airline ATC operations coordinator to FAA traffic flow management personnel asking for
current airport and airspace status information. Additionally, the CAP field tests demonstrated the
ability of the CAP Planview-Graphical User Interface (P-GUI) to support improved airline bank
management by providing detailed aircraft location and holding status which improved airline
dispatcher predictions of aircraft arrival times. These improved arrival time predictions provided
airline operations coordinators with better knowledge to plan aircraft equipment move-ups that
resulted in better schedule integrity.

Airline-to-CTAS Data Exchange -- With the introduction of CAP technology that will enable future
airline-to-CTAS data exchanges, specific data such as aircraft weight, airborne winds, departure data
from satellite airports, aircraft-sensed weather, aircraft runway landing constraints, and landing
system capabilitieswill provide additional CAP benefits. Expected benefits from each of these data
exchanges are described below.

With the CAP exchange of AOC-derived aircraft weight data, there are anumber of potential benefit
mechanisms. CTAS incorporation of this aircraft-specific weight into its trgjectory prediction
algorithms will improve its 4D trg ectoQ/ redictions, conflict predictions, and advisories. Previous
NASA Descent Advisor field test data™* have suggested the potential for actual descent weight
data exchangesto reduce CTAS TOD prediction errors by 1.3 nmi. Controller use of these
improved advisories will result in improved airport throughput and reduced delays, more fuel
efficient clearances, and reduced ATM interruptions. A pertinent fact is that significant changesin
the CTAS advisories are likely to be incumbent upon the controller’ s use of future CTAS decision
support tools such as EDA and A-FAST that provide the controller with specific speed, heading,
and TOD advisories. An additional far-term benefit might exist whereby CAP exchange of aircraft
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weight information could be coupled with a change in the FAA in-trail separation rules from one
based on aircraft type (which isrelated to maximum gross weight) to one based on the actual weight
of the aircraft. If feasible, the potentia benefits would likely be very significant, but would require
an FAA loosening of separation rules that would go counter to the historical trend of being more
consarvative. "%

With the incorporation of AOC-provided airborne winds datainto CTAS wesather forecasts,
additional benefits would result. Recent Massachusetts Institute of Technology/Lincoln Lab
research* suggests that the incorporation of FM S-derived winds datainto NOAA RUC will
significantly improve on-average wind field accuracy, and, potentially CTAS trgjectory predictions.
Similar to the previoudy-mentioned exchange of weight data, improved CTAS trgjectory predictions
should result in improved airport throughput and reduced delays, more fuel efficient clearances, and
reduced ATM interruptions.

A CAP exchange of departure data from satellite airports should a so provide potential benefits.
Currently, CTAS buildsin additional open dotsinto its arrival schedule based on historical
knowledge of “pop-up” arrival flights departing from satellite airports (those located within the
250 nmi TMA planning horizon). If not filled within certain time constraints, these dots are
dropped by CTAS. Even though this lack of empty dot persistence is not expected to impact
runway throughput significantly, it will reduce arrival aircraft trgjectory fuel efficiency. Assuming
steady, dot-constrained air traffic demand, the creation of the empty dlot and its subsequent
dropping will require unnecessary accelerations and decel erations from aircraft when making or
removing the interarrival gaps. CTA S incorporation of real-time departure scheduling updates
would allow the reduction of the number of these excess dots and the subsequent reduction in
excess fuel burned.

Finaly, if adopted by the CAP program, additional benefits may be obtained through the airline
communication of aircraft landing restriction and capability information. Aircraft-specific runway
landing constraints from the AOC provides enhanced situationa awareness for traffic management
coordinators and controllers, improves the feasibility of DST-developed runway allocations, and
facilitates the runway assignment process, resulting in reduced pilot-controller air-ground radio
frequency congestion and more efficient runway allocations.

CAP ATM/Airline Decision Support Tools

A two-way exchange of AOC and ATM information and use of CAP decision support tools for the
ATM and airlineswill enable ATM incorporation of AOC data such asinter-aircraft arrival
preferences, and aircraft trgjectory preferencesinto aircraft movement clearances.

Thetransfer of AOC inter-aircraft arrival schedule and sequence preferencesto CTAS automation
in conjunction with implementation of operational concepts such asintra-airline arrival ot
swapping offer the potential for a number of benefits. Airlines may experience reduced time-critica
aircraft delays and reduced costs of misconnections, diversions, and cancellations, aswell as,
decreased revenue |loss from dissatisfied customers. Also, under certain circumstances, the time-
uncritical aircraft might experience improved fuel efficiency from dowing-down as opposed to
“hurrying up and waiting”. The reduction of misconnections, diversions, and cancellations,
benefits airline passengers and cargo owners through reduced delays, overnight stays, reduced lost
future revenue, and associated complications. Additionaly, intra-airline arrival dot swapping would
provide asignificant increase in airline arrival scheduling flexibility and enable smoothing of flight
arrival traffic into the airport. The smoothing has the potential for reducing ground delays,
especially on the ramp, due to areduction in ground congestion and clearance complexity.

The provision by AOC of the trgjectory preferences for individua arrival aircraft would support
increased ATM sensitivity to and accommodation of user preferences. Assuming that incorporation
of theindividual aircraft trgjectory preferencesis operationally feasible within the ATM constraints,
airlines benefit through lower direct operating costs and more flexibility based on their increased
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input into ATC clearances. Additionally, the AOC transfer of theindividual arriva aircraft trgjectory
preferences (e.g., Mach/CAS speed schedules) to ATM automation leads to improved DST
trgjectory prediction accuracy and, upon controller use of DST-generated advisories, lead to
improved traffic flow management strategies and arrival aircraft scheduling and sequencing. The
increased throughput for all aircraft under air traffic control resultsin reduced air traffic delays and
direct operating costs.
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7. Expedite Departure Path

EDP develops an integrated traffic plan for departure aircraft that enhances utilization of the runway
system and extended terminal airspace and accommodation of user preferences. EDP uses the high-
fiddity, aircraft performance-based software modules to anayze routings, construct accurate flight
profiles, resolve potential conflicts, and optimize trajectories. EDP determines sequencing and
scheduling plans for use by traffic management coordinators, controllersin Centers, TRACONs
and tower, and airline dispatchersin AOCs. EDP generates advisories to support the routing,
seguencing, spacing, and vertical profile assignment of ascending aircraft, the merging of departure
traffic into the en route traffic operation, and the balancing of departure traffic loading.

EDP System Operation

EDPisin the early phase of concept exploration and definition, and itsdesign is evolving. Initial
implementation may support TRACON operations, with subsequent expansion directed to Center
and other facilities.

EDP synthesizes departure trgjectory planning with TMA, pFAST/aFAST and CAP operations.
Thisintegration of automation functions enhances system performance by enabling more accurate
Situation analysis and producing better optimized sequencing, scheduling and trajectory planning
solutions for arrival and departure traffic.

Operating functions identified ™ for EDP include;

* Provide aircraft sequencing and departure gate balancing information to TRACON traffic
management coordinators.

» Ultilize conflict probe functionality to expedite departuresthat cross arrival routes by
determining when unrestricted climbs can be given to specified aircraft (in en route airspace).

* Maeter and/or provide clearance advisories for departing aircraft that merge over agiven fix.
* Provide optimal release timesfor tower controllers at primary and satellite airports.
* Provide gate push-back recommendations to airline operational control facilities.

* Provide conflict-free, fuel-efficient speed and turn advisories to improve utilization of terminal
airspace.

In addition to integration with the AATT terminal DSTs, EDP would interface with surface and en
route DSTs.

EDP Potential Benefits

EDP provides a capability to reduce flight operating costs, noise exposure and noxious emissions.
These benefits are derived from reduced delays due to more efficient runway and airspace system
utilization, including more efficient trgjectories. Potential benefits are addressed in the following
paragraphs using DFW as an example.

Improved Trajectory Control -- EDP would apply the sequencing and scheduling capabilities of
TMA, pFAST and aFAST to departure traffic, improving trgjectory prediction and control accuracy
for arrivals and departures. The reductions in the variance between actua and planned aircraft
position would result in reduced excess spacing buffers for departure traffic aswell as arrival traffic
that interact with departures. The advisory service generate by EDP would be comparable to that of
aFAST, and the spacing buffer reduction of EDP could be similar to that of aFAST.

Improved Runway System Utilization -- EDP would expand the functionality of TMA-FAST by
including departuresin the development of strategies to optimize traffic movement. With respect to
runway system utilization, the automation would simultaneously account for both arrival and
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departure traffic sequencing and spacing requirements. DST integration of the landing and takeoff
schedule could improve total runway system throughput at those airports where arrival and
departure procedures interact. DFW runway arrival operations are largely independent of
departures on parallel runways, and the potential effectiveness of EDP in reducing runway system-
dependent delay may not be demonstrated at DFW. Such benefits could be significant at other
airports with crossing or closely spaced runways. However, even at DFW, situations may arisein
which DSTswith integrated arrivals and departures could improve operations. For example, during
very severe wesather, current ATM practices tend to place emphasis on landing the arrivals, while
holding departures on the ground. The airport surface and terminal gates could become extremely
congested with both the arrival and departure aircraft. Integrated arrival and departure automation
could set an appropriate traffic sequence that would release a sufficient number of departures as
early as practicable to relieve the ground congestion. In this situation, the automation would be
augmenting the controller’ s decision making processes during a period of severe workload (i.e.:
providing information or guidance to controllers that otherwise might not be considered because of
workload constraints).

Improved Departure Trajectories -- Standardized departure routes and profiles are used to
procedurally separate traffic. These procedures restrict tragjectory flexibility, and often increase flight
distances and impose non-optimal climb profiles. Altitude restrictions may require departuresto
extend their flight below 10,000 ft, which precludes the pilot from invoking a user preferred speed
schedule which would continuoudly increase speed above 250 knots. At DFW, some departure
procedures tunnel departures under arrivals. Controllers do expedite climbs when arrivals clearly
are not afactor to the departure trgjectories. Improved trgjectory control with EDP may enable
controllers more frequently to approve expedited climbs. In airspace assigned primarily to
departures, the management of overtaking, crossing and merging situations may by improved by
EDP-generated sequencing and spacing advisories. An EDP function analogous to aFAST would
provide turn and speed command advisories that could enable better ATM sengitivity to user
preferred climb trgjectories.

Improved Departure Gate Sequencing -- Adherence to en route spacing rulesis required for aircraft
crossing the departure gate at the TRACON outer boundary. The transition from 3 nmi to 5 nmi
minimum spacings is accomplished by the terminal controllers using vectoring, speed control and
altitude redtrictions. The severity of the rate of occurrence of potential conflicts at asingle departure
gate is dependent on the takeoff sequence established by the tower cab local contraller. Idedly, a
series of departures should be destined to different departure gates so that spacing at any one gate
isprovided. The ordering of departures at the runway is not totally controllable, and the ideal
sequence often may not be achievable. Takeoffs may be delayed to satisfy en route spacing
procedures or the delay may be absorbed in the terminal airspace by adjusting the trgjectory. These
solutions would adversely affect user flight costs. EDP-based scheduling of departures would take
the departure routing into account to improve operations. We note that each of the four main
departure corridors of the DFW TRACON airspace has four outbound radials at the boundary
between the TRACON and Fort Worth Center. The four radialsin each corridor diverge from each
other and are spaced about six miles apart to satisfy minimum separation rules. Observations
indicate that the DFW tower controllers routinely are able to sequence the departures among the
radials so that overtaking situations at any one radial may not be amajor issue.

Reduced Taxi Delay -- The establishment of a takeoff schedule by EDP would enable operatorsto
assign terminal gate departures times to minimize delays during taxiing. The EDP-generated
schedule could be used by ATM surface movement automation to plan taxi routings and sequences.

Improved Coordination of Satellite Airport Departures -- EDP could gresatly alleviate coordination
work between a hub airport tower and local airport towers needed to fit departures from satellite
airportsinto the traffic pattern. Special effort may be needed at some sitesto build “holes’ in the
departure stream from the hub airport for an IFR departure from satellite airport. With respect to
DFW, locd airportsinclude Dallas Love Field, Addison, Meacham, Alliance, and military bases.
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Although the interactions among airport runway system use, trgjectories, departure gate sequencing,
and local airport coordination are complex, EDP isamethod to leverage ATM automaton to
produce operationa improvements.
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8. DST Potential Benefits Analysis Factors

Thisterminal DST potential benefits analysisis part of alarger coordinated effort to evaluate multi-
domain impacts. Thisanalysisis designed to be cross-comparable with parallel assessments of en
route, terminal surface, and airborne DSTs. The comparisons will be based on analyses of
operationa improvements due to DSTS, evaluations of associated technical performance metrics,
and trandations of the performance impacts to annual and nationwide economic benefits. The
metrics are indicators of ATM system performance with respect to: capacity, flexibility,
predictability, safety, access, and environment. Representative performance metrics for each
category arelisted in Table 8-1.

Table 8-1 Representative Technical Performance Metrics

Performance Metric

Category Example Performance Metric
* Capacity Increased runway system and airspace throughput; reduced flight time and
flight operating cost
* Predictability Increased trgectory prediction accuracy; better schedule adherence with
reduced delays within planned schedules
* FHexibility More user-preferred trajectories (including more fuel -efficient descents and

climbs, reduced airspace restrictions, more direct routing, and fewer and
less severe trgjectory interruptions)

* Sofety Reduced numbers of collisions, near misses, and ATC operational and
flight technical errors, and less severe consequences of such incidents

* Access Increased availability of ATC services

* Environment Reduced noise exposure and noxious emissions

An objective of this study isthe quantitative examination of capacity, flexibility, and predictability
and the associated economic impacts. Access and environmental impacts would be addressed
qualitatively. The benefits impacts analyses are performed for a base year, 1996, and afuture year,
2015.

The potential benefits analysis processis described in the remainder of this section by reviewing the
DST operationa impacts, relating these impacts to specific benefits metrics, conceptualizing the
overdl analysis process, and identifying the applicable modeling and analytical procedures for
evaluating the metrics.

DST Operational Impacts

The AATT toolswill enable improved aircraft trgjectory control accuracy, improved knowledge of
user preferences by ATM, and improved flight planning and scheduling flexibility by users. These
improvementswill increase ATM operational effectiveness relative to the current baseline operation
and incrementally as tool implementations evolve. Operational improvements directly associated
with AATT DSTsinclude:

* Reduced excess spacing between successive aircraft;
* More cost-effective distribution of delay between Center and TRACON airspace;

* Increased integration of ATM and user flight management operations, and increased
accommodation of user preferences,
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* Increased integration of arrival, departure and en route operations.

The potentia benefits of these operationa improvements include reduced aircraft direct operating
costs, improved flight scheduling and planning, and enhanced safety, access, environmental factors,
and controller and pilot productivity. The following paragraphs briefly review the operationa
improvements, which were described in the preceding sections for each DST, and their potential
benefits impacts.

Excess Spacing
Traectory prediction uncertainty generates an excess spacing buffer between successive aircraft.

Figure 8-1 illustrates the factoring of predicted position uncertainty into the planning of the
downstream spacing between successive aircraft.

Trajectqry Trajectory
Uncertainty Uncertainty

Minimum
Separation
Requirement
Buffer | Buffer
Contribution | Contribution

Targeted Spacing

Figure8-1 Planned Spacing Composition

The buffer contribution of each aircraft represents the excess spacing applied to prevent a
subsequent violation of separation minimadue to trajectory variance. The buffer size would vary
directly with the magnitude of trgjectory variance, i. e, thelarger the variance, the larger the buffer
required to minimize the probability of apotentia violation.

Given aplanned spacing between successive aircraft, the actual spacing would be determined by
trgjectory variations encountered during flight. Figure 8-2 illustrates the difference between the
planned spacing and its redlization. In this example, the actual spacing resulting from trgjectory
perturbationsis greater than that planned, resulting in excess spacing. A different example could
show aloss of actual separation relative to the plan, but the resulting spacing would not be less than
the minimum separation requirement because of controller intervention.
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Figure8-2  Actual Spacing Example

Excess spacings due to trgjectory uncertainty embedded in process of planning and implementing
fix crossing schedules may generate downstream extraneous gaps. For arrival aircraft in aterminal
area, an extraneous gap at the runway threshold could result from aircraft delivery inaccuracy at the
metering fix crossing. Figure 8-3 depicts an excess interarrival spacing at the runway threshold
which includes an extraneous gap propagated from the metering fix. In this example, the extraneous
gap could not be resolved in the terminal airspace.

Trajectc_)ry Trajectory
Uncertainty Uncertainty

S\ S\

»<«—— Actual Spacing ——— )

1L L 1L

Buffer Minimum Extra- Buffer
Allowance Separation neous Allowance
Requirement Gap

Figure8-3  Excess Spacing with Extraneous Gap

The reduction in trgjectory uncertainty due to the DSTswould result in areduction in the size of the
excess spacing buffer needed to compensate for trajectory variances. The smaller buffer would
reduce the spacing applied between successive aircraft, as set by the DST scheduling process.
Improved trgectory accuracy also would reduce the propagation of extraneous gaps in the spacings
actualy realized. The resulting overall reduction in excess spacing would increase the throughput of
the airspace and runway system. The increased throughput would reduce delays experienced by
arrival aircraft when demand approaches or exceeds the capacity of the runway system, and would
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enable more efficient utilization of arrival routings and fixes. These reduced delays would result in
reduced fuel and time costsincurred by aircraft operators. Departure traffic would also realize
operating cost benefits through more efficient use of runway systems, departure routings and
departure fixes.

Delay Distribution

The DST delay distribution function allocates aircraft delay between Center and TRACON airspace
during busy traffic periods to achieve an optimum balance between fuel burn savings and runway
system throughput. The delay distribution function performs a trade-off between the advantage of
absorbing delay at the higher en route altitudes, where fud efficiency is greater, versusthe
advantage of packing more aircraft in the termina airspace to ensure that aircraft are continually
available to use the runway system. Excess alocation of delay to the Center airspace would degrade
runway system utilization. Astraectory prediction and control accuracy isimproved, less delay time
is needed to be absorbed in the TRACON airspace to maintain high runway system throughpui.

The improved trajectory accuracy afforded by the DSTs would increase the proportion of delay that
should be taken in the Center airspace for agiven runway system throughput, providing additional
cost savings due to the more fuel-efficient trgjectories. These savings differ from those due to
reduced excess spacings in that the excess spacings determine the runway system throughput and
the associated amount of delay whereas delay distribution determines how the given amount of
delay istaken.

ATM and User Preference Integration

The DSTs are designed to be sensitive and responsive to user preferences by accounting for user
optimization objectives and alowing for rea-time data exchange and collaborative decision making.
The AATT terminal tools incorporate sophisticated logic that represent the performance
characteristics of aircraft and propulsion systems and emulate flight management system (FMS)
trgjectory control characteristics. The DSTS' internal logic generate climb, descent and speed
profiles, routings and schedules that are reasonably flight cost-efficient. Operating efficiency would
further be enhanced through data exchange of user preferred trgjectories (UPTS), aircraft
capabilities and current and planned flight status, current meteorol ogical measurements and
forecasts, fleet prioritization information, schedule updates, and projected restrictions and delays.
The information exchange would be supported by datalink among ATM, flight deck and AOC
components. Future tool enhancements will adaptively assimilate the exchanged data to develop
operating solutions that are compatible, to the extent possible, with user preferences. Collaborative
decision making between ATM and users would further improve ATM conformance with user
optimization objectives and allow usersto adapt in rea-timeto ATM constraints.

Integrated Arrival, Departure And En Route Operations

The DSTs are designed to maximize air traffic operating efficiency in their airport and airspace
coverage domain. The domain could be an extended terminal areawith single or multiple airports
supported by single or multiple en route centers, or a network of terminal areas and supporting
centers. The DSTswill develop schedule and trgectory plans that optimize the arrival and departure
operation at individual airports or among anetwork of airports in accordance with user preferences,
operational constraints, and known or projected traffic and meteorological conditions. Factors
addressed by the DSTsinclude runway balancing (i.e., optimal runway assignments to minimize
delay), optimum aircraft sequencing, and satellite airport arrival and departures. These terminal
operating plans would be developed in coordination with en route operations to provide safe and
efficient utilization of airports and airspace and lessen disruptions to planned schedules and flight
times. The result would be increased throughput, reduced delay, and better utilization of the air
traffic system.

35



Other Factors

The overall ability of the AATT DSTsto implement more efficient trgjectories, sequences and
schedules with more accurate control would produce beneficial impacts on safety, access, noise and
emissions, and controller and pilot productivity. Improved trgjectory control and prediction would
reduce the likelihood of airspace incursions and flight technica errors, and would facilitate
interventions where needed. Improved throughput and scheduling would enhance general accessto
airports, airspace and air traffic services. The increased use of optimized traectories with reduced
delays would lessen noise exposure and the quantity of emitted pollutants. Automated advisories
and plans generated by the tools would assist controllers and pilotsin their decision making and
implementation processes.

Performance Metrics

Table 8-2 provide a summary of the relationships among DST functions, operationa improvements
and potential benefitsimpact, and identifies applicable economic and performance metrics.

Table 8-2 DST Operational Impacts and Metrics

DST Function Operational Improvement Benefit Impact Metric
TMA - Traffic Management Advisor
Display of delay Reduced trajectory Reduced arrival Flight operating
absorption advisories to uncertainty at the arrival flight delay due cost
Center controllers to metering fix to runway system  Flight delay
achieve metering fix Reduced extraneous gaps at ~ operations Runway
crossing time schedules  the |anding runway Reduced throughput
for arrival aircraft based . emissions ) _
Lo Reduced spacing buffer at Aircraft spacin
on an optimized runway . l spacing
; the runway threshold Reduced noise
operating schedule Schedule
Improved runway system exposure adherence rating
utilization Noxious emissions
guantity
Noise exposure
rating
Adjustment of the More fuel-efficient arrival Reduced fuel Flight operating
metering fix crossing time flight trajectories burn cost
%he‘j‘g? t(_)bop_tlmlge Reduced Noxious emissions
ey drinion bween emisions  quanty
airspace Reduced noise Noise exposure
exposure rating
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Table 8-2
DST Function

Multi-Center TMA
Same as TMA, with

coordination of inbound

flows from different
Centers

DST Function

Operational |mprovement

DST Operational Impacts and Metrics (continued)

Benefit |mpact

pFAST - Passive Final Approach Spacing Tool

Display of landing

sequence advisories to
TRACON controllers for
arrival aircraft based on
an optimized runway

operating schedule

Same as TMA Same as TMA
Operational | mprovement Benefit | mpact
Reduced trajectory Reduced arrival

uncertainty at final approach
and the runway threshold
Reduced spacing buffer at
the runway threshold

Improved runway system
utilization

aFAST - Active Final Approach Spacing Tool

Display of descent

trajectory maneuver and

landing sequence

advisoriesto TRACON
controllers for arrival

aircraft based on an
optimized runway
operating schedule

Reduced trajectory
uncertainty in TRACON
airspace and at the runway
threshold

Reduced spacing buffer
along trgjectories and at the
runway threshold

Improved runway system
utilization
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flight delay due
to runway system
operations

Reduced
emissions
Reduced noise
exposure

Reduced arrival
flight delay due
to runway system
operations
Reduced
emissions
Reduced noise
exposure

Metric

Same as TMA

Metric

Flight operating
cost
Fight delay

Runway
throughput

Aircraft spacing
Schedule
adherence rating
Noxious emissions
guantity

Noise exposure
rating

Flight operating
cost
Flight delay

Runway
throughput

Aircraft spacing
Schedule
adherence rating
Noxious emissions
guantity

Noise exposure
rating



Table 8-2

DST Function

Operational |mprovement

DST Operational Impacts and Metrics (continued)

Benefit |mpact

CAP - Collaborative Arrival Planning

One-way data exchange
with transmittal of TMA
data and display to AOC
dispatchers of projected
arrival times, delays, and

fix traffic loadings

Two-way data exchange
with transmittal of AOC
data to ATM automation

describing user

preferences, flight plan
and schedule updates, and
aircraft status for arrival

flights

Improved AOC arrival-
departure coordination
decisions to accommodate
connections

Improved AOC decisions
concerning flight diversion
to alternate airport for
delayed arrivals

Improved AOC allocation of
airline resources, including
aircraft, gate, ramps, flight
and ground crews, baggage
routing, and support
equipment

Improved AOC resolutions
of irregularities in response
to flight schedule disruption
projections

Improved fleet-wide flight
planning and arrival fix
loading

Improved conformance of
DST sequencing of arrivals
with user preference

Improved conformance of
DST delay absorption
planning with user
preference
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Reduced arriva
and departure
delays due to
resource
allocation
decisions
Reduced
misconnections
for aircraft,
passengers,
baggage and crew
Reduced
avoidable arrival
flight diversions
and earlier
unavoidable
arrival flight
diversions

Reduced
cancellations

Reduced baggage
induced delays

Reduced delays
Reduced
misconnections
for aircraft,
passengers,

baggage and
crew

Reduced flight
diversions

Reduced
cancellations

Metric

Flight operating
cost

Ground operations
personnel cost
Flight delay
Schedule
adherence rating
Flight airport
diversion rate
Flight, passenger

and baggage
misconnection rates

Flight and
passenger
cancellation rates

Low-fuel landing
rate

Flight operating
cost

Flight delay
Schedule
adherence rating
Flight airport
diversion rate
Hight mis-
connection rate

Flight cancellation
rate



Table 8-2 DST Operational Impacts and Metrics (concluded)
DST Function

EDP - Expedite Departure Path

Display of ascent Reduced trajectory Reduced arrival Flight operating
trajectory maneuver and uncertainty in TRACON and departure cost

departure fix sequence airspace and at the departure flight delay due Flight delay
advisoriesto TRACON fix to runway system

Operational |mprovement Benefit |mpact Metric

, : Runway
controllers for departure  Reduced spacing buffer operations
: throughput
flights based on an along trajectories Reduced A'rcre?ftp acin
integrated airport and Reduced interruptions to diversion from ! spacing
airspace system operating oy preferred climb profiles OPtimum climb Schedule
plan due to procedures or profiles adherence rating
potential conflicts Reduced Noxious emissions
Improved runway and emissions qugntlty
airspace system utilization Reduced noise Noise exposure
exposure rating

Provision of data to
support display of

Reduced interruptions to Reduced Flight operating
user preferred flight departure flight cost

optimum departure schedules delay due to Flight delay
release times at primary Reduced manual airspace RUNW
and satellite airports coordination among acceptance througzput
TRACON/Tower controllers ~ constraints Airoraft spaci
Reduced ircraft spacing
emissions Schedule
Reduced noise adherence rating
exposure Noxious emissions
quantity
Noise exposure
rating

Analysis Process

Seagull has developed a methodology for evaluating DST performance and impacts on air traffic
operations. The methodology is designed to examine improved aircraft trgjectory control prediction
and accuracy, improved knowledge of user preferences, and improved flight planning and
scheduling flexibility, and determine the resulting impacts on aircraft operating costs and various
performance metrics. As part of this methodology, Seagull has devel oped, and continues to develop,
aanaytical formulations, computer-based modelings and engineering analysis to represent the
DST-based improvements and quantify their impacts. The process focuses on capturing the salient
operational features and nuances of the DSTs by modeling the purpose and intent of the DST
algorithmic logic and accounting for procedural constraints and the capabilities of supporting
technologies, such as advanced FMS, high-fidelity datalink, and global position system (GPS)
services.

The analysis processis schematically depicted in Figure 8-4. This analysis process.
* ldentifiesthe operating characteristics of DSTs and supporting technologies;

* Determinesthe sengitivity of various trgjectory accuracy parametersto the use of the AATT
DSTs and supporting technologies;
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* Evauatesthe resulting improved capability of the ATM system to predict and control
trgjectories,

* Evauatesdelay, delay distribution, trgjectory and scheduling impacts on flight operations, costs
and performance metrics for the airport and airspace system using analytical formulations,
computer-based modeling and engineering analysislogic; and

* Assessesthe associated aircraft operating cost savings and other pertinent metrics

Technologies & Trajectory
Capabilities Parameter Accuracies Modeling Process

ﬁitial Weight \—PI TrajectoryAccuracy Modeling I
Position Determination
Speed Determination * DST & ATM Procedures
Aerodynamic Drag Trajctory Operating Environment

®—> M Initiation Accuracy DailyTraffic Schedule

aneuver Initiatio Distributions Flight Plans

Top Of Descent
Bottom of Decsent

Datalink Top of Climb ) ) ] .
Aircraft Weight Speed Adherence Air Traffic Operations Analysis
Wind & Temp Aloft Cross-Track Wander Integrated Air Traffic (IAT) Model
Planned Landing Speed Wind Forecast . . .
wind & Temp Forecast | 9] Engineering Analysis

Temperature Forecast
Navigation Bias
Turn Dynamics
Deceleration Delay, Delay Distribution, Actual Trajectory Data
Descent Profile

% / [ Aircraft Operating Cost & Metrics ]

Assessment

Automatic Terminal
Information
Service

(ATIS)

Annual Cost Savings & Other Metrics

Figure8-4  Analysis Process
The following summarizes the analysis process steps:

Technologies and Capabilities Identification

The analysis processisinitiated by identifying the subject DST and supporting technologies, and
defining the associated operating capabilities in terms of functional, technical and performance
characteristics and requirements. The technologies and capabilities, such asthose identified in
Figure 8-4, would include ATM, flight management, communication, navigation, surveillance, and
meteorological components. The technologies and capabilitiesidentification process normally also
is performed for the current ATM system to provide a commonly accepted and familiar baseline for
comparison.

Trajectory Parameter Accuracies and Distributions Determination

The process describes DST and supporting technologies in terms of parameters that affect aircraft
trgjectory prediction and control accuracy. These parameters cover aircraft performance, maneuver
actuation, atmospheric, and surveillance categories. Key parameterstypically impacted by DSTsand
supporting technologies are listed in Figure 8-4. Each parameter is quantitatively defined by a
stochastic distribution (e.g., mean and standard deviation of atruncated Gaussian probability
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density function) representing the contribution of that parameter to trgjectory errors. These
trgjectory error parameter distributions are evaluated for current and DST operations based on
engineering analysis and mathematical modeling, often with reliance on published data describing
technical performance. The parameter stochastic effects on aircraft track controllability are the
subject of trgjectory accuracy modeling.

Trajectory Accuracy Modeling

The accuracy with which atrgectory can be predicted and controlled has been mode